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Results of the work on Contract N00014-91-J-1656, R&T Code 413h007---05.

are reported in the enclosed 20 papers. These include summaries in three

invited articles "Electrical Wiring of Redox Enzymes" (Accounts of Chemical

Research, 1990, 23, 128-134), "Electrical Connection of Enzyme Redox

Centers to Electrodes", (J.Phys.Chem. 1992, 96. 3579-3587), and "Electron

Conducting Adducts of Water Soluble Redox Polyelectrolytes and Enzymes,

Katakis, I., Vreeke, M., Ye, L., Aoki, A. and Heller, A. ("Advances in

Molecular & Cell Biology", Bengt Danielsson (Ed.) JAI Press Inc., (1993)).

The key results were the following:

Enzymes made of electrically insulating proteins were made

electron conducting through incorporation of electron relaying

redox centers. The redox centers were covalently bound to

amino acids of proteins, particularly to lysine amines,1 ,2 or to

peripheral oligosaccharides of glycoproteins, of enzymes. When

peripherally bound, the redox functions were attached to the ends

of flexible spacer chains, that were long enough to allow deep

penetration of the redox functions into the protein shell.3

Reaction centers of enzymes were electrically "wired". i.e.

electrically connected, through redox macromolecules to

electrodes. 4 -9  Wiring was effective when the redox

macromolecules were water soluble and formed electrostatic

adducts with the enzymes. 4 ,10 The adducts of enzymes and

polymers were crosslinked with water soluble crosslinkers, to

form electron conducting hydrogels. Electrons from reaction
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centers of enzymes were routed via polymer skeletons of these

hydrogels to electrodes. Because water soluble substrates and

products of the enzyme permeated rapidly through the hydrogel,

the turnover of the gel-bound enzymes was not limited by

diffusion of substrates or products into or from the gel. When

the electron transfer from the enzyme to the redox polymer was

sufficiently rapid and when the hydrogels' electron diffusion

coefficients approached -10- 8cm 2 sec-1, substrates were

electrooxidized and electroreduced at high rates. 6,11 The current

densities on semi-infinite planar electrodes reached 2mA/cm 2 .

For 7tm carbon fiber microelectrodes, where the electron

diffusion through the polymer was radial, the current densities

reached 1OmA/cm 2 .12,13

The wired enzyme electrodes efficiently transduced fluxes of

biochemicals into electrical currents. Based on such transduction,

biosensors for a wide range of biochemicals and hydrogen
Accesion For

NT'S CRA&I peroxide were built. FAD, FMN,14- 15 heme 16 and pQQIO

D ; - DB enzymes were directly electrically connected to electrodes. The
U . .. ed ld
j ....................... turnover of NADH and NADPH dependent enzymes was observed

By .......................... through translation of NADH and NADPH fluxes to hydrogen
Di

peroxide through their homogeneous, n-methylphenazonium,-- 1:.aJ;bility Coý;cs

A Avail .,a,.icr catalyzed reaction with dissolved molecular oxygen. The
hydrogen peroxide formed was detected through its

A4. electrocatalytic reduction to water with wired horseradish

peroxidase. 16
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The current densities of the hydrogel-wired enzyme electrodes

depended on the electron diffusion coefficients in the hydrogels.

High electron diffusion coefficients were observed when chain

segments of the crosslinked redox polymer in the gel were fluid,

i.e. mobile. Fluidity of the chain segments led to electron

transferring collisions between the segments. Such collisions

shorted the otherwise tortuous route of electrons through

backbones of folded polymer chains. The electron diffusion

coefficients depended on the charge of the redox polymers, on the

ionic strength of the solutions and on the degree of crosslinking

of the polymers. High charge density of the redox polymer and

low ionic strength led to stretched redox pclymer segments that,

when colliding, effectively transferred electrons. Screening of

the charge by counterions caused random folding of the stretched

polymer segments and reduced the frequency of electron

transferring collisions between chain segments of neighboring

polymer molecules. Excessive crosslinking immobilized the

segments and reduced the electron diffusion coefficients. 17

Sequential reactions of multiple enzymes were coupled within

individual hydrogel layers and also between different layers of

hydrogels. Thus, using hydrogels made with both an enzyme

hydrolyzing a substrate to an electrooxidizable product, and the

product electrooxidation catalyzing enzyme, the turnover of

hydrolytic enzymes was transduced to an electrical current. 1 8

Hydrolytic reactions were also carried out in overcoatings of

wired enzyme layers in bilayer gels. In reaction sequences

involving three sequential enzyme-catalyzed reactions in gels,
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fluxes of biochemicals were still efficiently transduced into

electrical currents, proving that in gels the coupling of reactions

can be efficient. 18

The selectivity of the wired enzyme electrodes was enhanced

through use of redox polymers that were tailored to have redox

potentials within the narrow window where oxygen was not

electroreduced and common interferants were not

electrooxidized. 19  Electrooxidizable interferant-produced

currents were eliminated through enzymatic oxidation of the

ensemble of common interferants by hydrogen peroxide in a non-

wired peroxidase containing layer. Hydrogen peroxide was

produced within the peroxidase containing layer through

enzymatic reaction of glucose (or lactate) with dissolved

oxygen. 20

Industrial Activity:

The wired enzyme transducers proved to be of industrial interest. A venture

has acquired the wired enzyme technology from the University of Texas, is

developing enzyme microelectrodes and is marketing the technology. A one

year option has been acquired by a major producer of biosensors. Three

additional companies had wired enzyme biosensor projects in the reporting

period.
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Patents:

A patent application entitled "Biosensors Based on Chemically Modified

Enzymes" has been filed.
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ABSTRACT

Biochermcal fluxes were transduced to electrical currents through catalytic centers

of oxidoreductases.-that were electrically connected to electiodes with crosslinkd

hydrogel forming redox polymers. The enzymes were covalently bound to the

hydrogels through which the electrons diffuse. The electron diffusion

coefficients. reaching 10-8 cm2sec-1 in the redox polymer gels, were high enough

to allow efficient collection of the electrons transferred during the

electrooxidation or electroreduction of substrates. The adequate electron diffusion

through the polymer skeleton of the hydrogel and the rapid diffusion of water-

soluble substrates and products in the gels led to high current density enzyme

electrodes. These included electrodes with electrically connected flavoenzymes

(e.g. sarcosine. glutamate, lactate and glucose oxidases), quinoprotein enzymes

(e.g. PQQ glucose dehydrogenase) and heine enzymes (e.g. peroxidases). The

peroxidase electrodes were useful in the sensing of NAD(P)H, that reacted with

oxygen in the presence of N-methyl phenazonium salts to form NAD(P)÷ and

H202.
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1. introduction and Scope

In this char"mer. dedicated to Klaus Mosbach on his 6Oth birthdav, we consider the

non-diffusional relav.hg of electrons between redox enzymes and electrodes through

hydrogels. built with crosslinked polymer networks. As will be seen. even though these

gels contain predominantly water, their 3-dimensional redox-polymer network. to which

the enzymes are covalently bound, conducts electrons. Electrochemical biosensors. such

as amperometric biosensors based on such gels have some rather unique propertes. On

the one side. water soluble substrates and products permeate through the hydrogels. On

the other, electrons. originating in an oxidizable substrate, or delivered to a reducible

,ubstrate. diffuse through the network. Because the electrons are efficiently collected or

delivered and because the diffusion of water soluble molecules through the gel does not

differ excessively from that through a plain aqueous solution, the current densities

flowing through hydrogel-coated electrodes are high. The high current densities translate

to. substantial sensitivities in the transduction of the flux of biochemicals to electrical

currents (1). The group of enzymes that has been electrically connected through electrn-

conducting hydrogels to electrodes includes now flavoenzymes (2-6). quinoprotein

(pyrroloquinoline. PQQ) enzymes (7), and heme peroxidases (8). As will be seen. the

hydrogels also allow transduction of NAD(P)H fluxes, after translation to hydrogen

peroxide fluxes to electrical currents (8). We shall review the electron diffusion in redox-

polymer skeleton based hydrogels (9), then discuss the electrical connection of

flavoenzymes (2-6), heme enzymes (8), PQQ-enzymes (7) via these hydrogels to

electrodes.

2. Electron Diffusion in Redox Hlydrogels.

Cross-linked redox polymer films in which redox enzymes are immobilized relay

electrons between oxidoreductases such as glucose oxidase and electrodes. An effective

electron relaying polymer is poly(4-vinylpyridine) partially complexed with osmium
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bisibipyndine) dichloride and quatermzed with 2-bromoeyhvlamme (POs-EA) (Figure 1)

4.5,. A key parameter in defining the electron relaying behavior oi a redox polymer is

its electron diffusion coefficient (De). We measured De for POs-EA. cross-linked with

-o:voiethylene glycol) diglycidvl ether WPEGDE). using steady state voltammetry at

,nterdigiated array (IDA) electrodes (10-20). De depends on the ionic strength, anion,

MH. and degree of cross-linking of POs-EA.

De was measured by the steady state voltamme'y at interdigicated array (IDA)

,iectrodes as follows: IDA gold electrodes on glass were fabricated by conventional

•notolithography and sputter-devositon of gold onto chromium primed glass substrates.

..e eectrooes consisted of 100 (NL 5.0 om wide fingers gwi. separated by 5.0 gm gaps

gap). that were 2.0 mm long. The narrow widths and gaps of the 100 fingers allowed

measurement of electron diffusion coefficients. that were much lower than ion diffusion

coefficients. When the potential at one of IDA electrode was swept from reducing to

oxidizing, while the other electrode was maintained at a reducing potential (generator-

collector experiment), an anodic steady state current (lss) was observed upon redox

.ycling, because the electrode at the fixed reducing potential generated an oxidizable

species. The total charge associated with the redox centmers (Q) was obtained by

inteeratng the area of the surface wave voltammogram when the potential of both of the

IDA electrodes was scanned (generator-generator experiment). From Iss and Q, De is

obtained through equaton 1 (10-12).

De= (lss/Q) gap (w + gap) NI(N-.l) (1)

The attractive feature of this technique was that De was derived of Iss, Q and the

IDA geometry, and did not require knowledge of either the film thickness or of the

concentration of the redox species. Furthermore, because the technique was a steady
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state method, the current was not affected by diffusion of ions into and out of the redox

polymer network. that necessarily takes place in transient experiments.

Typical cyclic voltammograms for POs-EA. cross-linked with 5.0 wt% PEGDE, on

IDA electrodes at a 1.0 mV/s scan rate are shown in Figure 2a. The voitammograms in

generator-collector expenments (solid line) had a sigmoidal shape: They showed the

expected Os2+ oxidation at the generator. transport of electrons through the redox

polymer (by electron hopping or electron self-exchange between neighboring Os3 + and

Os2+ sites) and re-reduction of Os3+ sites at the collector (so called redox cycling). The

anodic limiting current was identical with the cathodic one, and the limiting current was

ioependent of scan race. These results indicated the existence of a linear concentration

variation in the Os2 +/3+ site ratio between the generator and the collector electrodes at

the 1.0 mVs-l scan rate, and established that charge transport through the POs-EA

polymer limited the current. In contrast, the voltammograms in generator-generator

experiment (dotted lines) showed well-defined surface waves. As the voltammeuic wave

was symmetrical and the peak current was proportional to the scan rate, the total charge

of POs-EA polymer coated IDA electrode (Q) could be calculated by integrating the

current of the voltammogram. From equation 1, De at 0. 1 M NaC1 was calculated to be

4.8 x 10-9 cm2s-I. The voitammograms of Figure 2 reveal a strong ionic strength

dependence of De. When the concenraton of NaCI was changed from 0. 1 M to 1.0 MK

Q was constant but Iss decreased. Moreover. when the potential of one IDA electrode

was swept, while the other of IDA electrode was disconnected (generator-open circuit

experiment, dashed line), a shoulder, indicating lateral electron diffusion between fingers

was seen. This shoulder was sharp in 0. 1 M NaCI but had, in 1.0 M NaCi, a diffusional

tail, leading us to conclude that De of POs-EA decreases upon increasing with the ionic

strngth. Evidently, dehydration of POs-EA at increasing the ionic sutengths made the

cross-linked suucwe more rigid.
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Figure 3 presents the pH dependence of De for POs-EA cross-linked with 5.0 wt%

PEGDE. De changes remarkably near pH 4. close to pKa of the pyrdine mtrogen. from

4.5 x 10-9 to 1.6 x 1-0-8 cm~sl 1. Evidently, the polymer film was swollen and the

backbone of the polymer was flexible when the pyridines were protonated at a pH below

pKa. where De was high. We conclude that De is determined by the degree of swelling

of the cross-linked POs-EA polymer. De values of the POs-EA polymer at various

concentrations of cross-linker are summarized in Table I. For the network made with 5.0

wt% cross-linker De was pH dependent. De was. however, almost independent of pH at

:5 wt% cross-linker. When the concentration of cross-linker reached 25 wt%. 32 % of

the pyndines in the polymer were cross-Linked with the diepoxide. Because the polymer

could not swell even at low pH. De became independent of pH.

We conclude that in cross-linked POs-EA the electron diffusion coefficients

increase upon hydration of the network and that electron transport through networks is

controlled by segmental motion of the polymer backbone.

3. Electron Connection of Flavoenzyme Redox Centers to Electrodes

We have described previously the synthetic procedure for hydrogel-forming redox

polymers (4). Poly(vinyl pyridine) can be derivatized with Os(bpy)2C12 in ethylene

glycol or ethanol under reflux. The osmium derivatized polymer can be reacted with

bromoethylamine at 60*C. It has been found that the polymer containing a molar

substitution ratio near 1:1:3 osmium :ethylamine :non substituted pyridines, meets

requirements relevant to enzyme electrodes, such as solubility in water, high charge

density, high osmium loading, and crosslinkable side chains. For effective electrical

connection of enzyme redox centers the polymer must be flexible so that it can penetrate

the proteins. We have found that the polymer POs-EA (Figure 1) electrically "wires"

redox enzymes. The hydrogel networks are formed by crosslinking POs-EA at or near

ambient temperature and in aqueous solution with the diepoxide polyethylene glycol
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diglycidyl ether (PEGDE) (Figure lb) or a polyfunctional aziridine (PAZ) (Figure la).

The crosslinker is chosen so as to avoid reaction of amino-acids that are critical for the

function of the enzyie.

With polymeric "wires" virtually all flavoproteins. that can transfer one electron at

a time from their reduced active centers to an electron acceptor, have been shown to be

"wireable" and useful in the construction of enzyme electrodes. Selectivity of the

electrodes requires absence of direct electrooxidation of the substrate on the electrode

surface itself, or in the redox hydrogel. directly by the oxidized osmium complex, at the

applied usually 0.45 V vs. SCE for POs-EA.

High catalytic current density (10-4-10-3 Acm-2- enzyme electrodes have been

constructed by "wiring" glucose oxidase. lactate. or L-a-glycerophosphate oxidase (4.6);

moderate current densities (10-6-10-5 A cm- 2 ) resulted form "wiring" glycolate,

theophylline. D-amino acid. sarcosine. L-glutamic acid, or cholesterol oxidase. The

catalytic currents of L-amino acid and choline oxidase electrodes were very low. For

xanthine oxidase the catalytic current was almost indistinguishable from the background

current associated with nonenzymatic electrooxidation of xanthine by the oxidized redox

polymer.

Examination of the significance of complex formation between the redox polymers

and the enzymes on the efficiency of current collection shows that electrostatic

complexation is important for efficient communication between the enzymes and the

polymers (21), but other kinds of interactions may also be relevant

Figure 4 shows the response of a sarcosine oxidase electrode and the variation of its

current density with the electrode construction poaeters. The response of the electrode

under anaerobic conditions and under oxygen are shown in Figure 4a. Figure 4b shows

the vaamon of the current density with the enzyme content of the hydrogel. Figure 4c

shows that by changing the enzyme content of the gel one can adjust the dynamic range

(appsrent Michaefis constant, Kim) of the sensmr. Figure 4(d) shows that incrasing the
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thickness of the enzyme-polymer film results in an almost linear increase of the

maximum current density obtained, up to about 200 ug cm-- loading, where the film

thickness reaches about 2 pim. Sarcosine oxidase has been used in bilayer electrodes for

the detection of creaune t22). Creatine was converted in an outer creatine

amidinohydrolase film into sarcosine. which was sensed by an inner layer of sarcosine

oxidase-redox polymer hydrogel. The response of such an electrode is compared to one

without the creatine amidinohydrolase in Figure 5. The electrode might be applicable in

the direct determination of creatine phosphokinase activity in serum or whole blood.

In some of the flavoenzymes. for example in glycerophosphate oxidase. the

.cm:wuinone form of FADH- could not be observed during the normal catalytic cycle

when dioxygen was the electron acceptor (23.24). From the efficient electron transfer to

Osd ill) relays that was observed, it was evident nevertheless that the substrate-reduced

enzyme was reoxidized in two sequendal electron-proton transfer steps. The rate limiting

step in the multistep electron transfer from lactate oxidase to an electrode was the

electron transfer between reduced FADH2 centers and Os relays in the hydrogel. Figure

6 shows the pH response of a glucose oxidase electrode. Different pH maxima exist for

the redox-hydrogel electrode and the natural enzyme activity. This shift in pH is

consistent with the proposal that electron transfer between FADH2 or FADH- and OsllW.

which is pH independent., is rate limiting. In the natural enzymatic reaction the pH

dependent reduction of 02 to H202 is rate limiting.

The key determinants in realization of high current densities are the turnover

number and specific activity of the enzyme, and the strength of the complex between the

enzyme and the redox polymer (Table 2). In general enzymes with high turnover numbers

and high complex formation constants with POs-EA give the highest current densities.

The unexpectedly high current density of sarcosine oxidase and low current density of

glutamate oxidase show, however, that the two parameters are not the only one tha are

important. It is conceivable that the aberrations result from a specific interaction of the
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polymer with the catalytically active site of the enzyme. or from particularly deep protein

penetration of an electron relay. or from deactivation of the enzyme upon immobilization.

The turnover number and specific activity of the enzyme define the number of

electrons produced per unit volume. In extreme cases of low turnover numbers. the

volume fraction of protein necessary for the production of a detectable current is so high

that the hydrogel no longer contains a high enough density of electron relaying centers

and electron diffusion through the film becomes rate limiting. Table 2 shows the suength

of the complexes formed between POs-EA and enzymes on a scale built on detection by

isoelecmc focusing of migration of free enzyme from the complex(21). The values in the

table indicate the % enzyme content of the complex when unbound enzyme is first

observed. Usually, the higher this number. the stronger the complex. and the stronger the

complex. the higher the current density. Formation of a stronger complex can result in a

shorter electron transfer distance betweeen the redox center of the enzyme and a relay of

the polymer. or an increase in the density of electrically connected enzyme centers in the

hydrogel.

4. Electrical Connection of Pyrroloquinoline Quinone Redox Centers

Several groups of quinonprotein enzymes have been isolated and characterized in

recent years (25). These enzymes have either pyrroloquinoline quinone (PQQ),

topaquinone (TPQ) or tryptophanyl-typtophan quinone (TITQ) cofactors (26). Glucose

dehydrogenase GDH (EC 1.1.99.17), that was successfully wired through the POs-EA

based hydrogel (7) belongs to the group of PQQ-containing quinoproteins (27). The apo-

enzyme (28) of GDH was reconstituted by incorporating PQQ (27) in the presence of

Ca2 *(29). PQQ and Ca2* are firmly bound in the reconstitued enzyme. The activity of

the reconstituted holo-enzyme, 250 units mrg-1, was measured spectrophotometically by

monitoring the decoloration of Wurstrs Blue (30). The reconstituted GDH can be stared

at 40C for more than two months without measurable loss of activity.



The dependence of the current density on glucose concentration for POs-

EA-PEGDE-wired GDH and similarly wired glucose oxidase tGOX) electrodes is shown

in Figure 7. The current density of the GDH electrode substantially exceeded that of the

GOX electrode. reaching 1.8 mA cm- at 70 mM glucose. This current density was

about three times higher than that of the electrode made with GOX. The sensitivity of the

wired GDH electrode at 5 mM glucose was 165 uA cm-2 M- 1. The higher current

density of the GDH electrode, relative to that of the GOX electrode, derived from the

faster rate of electron transfer from the PQQH2 centers than from FADH2 centers to the

osmium complex in the redox polymer/enzyme network.

That the 3-dimensional redox network based hydrogel is effective in collecting and

carrying electrons from GDH is seen from the fact that in electrode made with the

electron shuttling diffusional mediator l.l'-dimethyvferrocene, the current density was

only 54 giA cm-2 at 4 mM glucose (31), versus 724 gA cm- 2 for the redox hydrogel at at

the same glucose concentration. The current density of the redox-hydrogel based GDH

electrode changed relatively little between pH 6.3 and 8.8.

The half-life of the dissolved enzyme in 10 mM HEPES pH 7.3 buffer at room

temperature was 5 days (7). The decay of the current of the GDH electrodes in 10 mM

glucose at 25*C. pH 7.3 was. however, faster (Fig. 8. open squares), dropping to one

half of its initial value in about 8 hours under continuous operation. The operational

stability of the "wired" GDH electrode was found to be glucose conenuation dependent,

the output declining more rapidly at higher glucose concenuations. Fig. 8 shows the

rates of decline for GDH electrodes in an electrochemical cell where the glucose

concentrntion was held at 10 mM, and in a flow injection analyser where a computer

controlled injection system injected fixed volumes of 10 mM glucose once every 60

minutes. Under the conditions of the experiment, it took less than 3 minutes for the

sample to pass through the cell. i.e., the electrode was in 10mM glucose for only 3
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minutes each hour. Evidently, the rate of current loss is depended on the amount of

glucose electrooxidized (Figure 8).

S. Electrical Connection of Hemeprotein peroxidases

Most peroxidases have catalytic sites containing covalently bound iron porphyrins.

In peroxidases the iron heme is positioned close to the surface of the enzyme. The near

surface position of the catalytic site allows direct. non-mediated, electroreducUon of the

enzymes on graphite electrodes and thus the construction of direct H202 sensors (33.34).

Many diagnostic tests ultimately rely on amperometric of colorimetric detection of

H2702. Althougn feasible, enzymatic amperometric H202 detection is not commercially

used. The most common amperometric H202 assays involve use of a Pt anode held at an

oxidizing potential, where not only H202, but also a variety of interferants are

electrooxidized.

Electron conducting POs-EA and PEGDE (Figure 1) redox-hydrogel based H2 0 2

sensors. involving electroreduction of lactoperoxidase (LOP), Arthromyces ramosus

peroxidase (ARP), or horseradish peroxidase (HRP) (8). In these. the H202 fluxes were

connected to currents by electrocatalytically reducing H202 according to the scheme

shown in Figure 9. These enzymes were covalently bound to the 3-dimensional redox

epoxy based hydrogel Upon such immobilization the ensemble of enzyme molecules in

the gel volume was electrically connected to the electrode.

The amperometric measurements were performed in a standard 3-electrode cell,

with the working electrode maintained at O.OV (SCE) and rotated at 1000 RPM. H202

was catalitically electroreduced at the operating potential. The dependence of the

catalytic H202 electroreduction currents on the H202 concentration in pH 7.4 phosphate

buffer is seen in Figure 10 for four enzymes ARP, LOP, HRP, and periodate-oxidized

HRP.
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Although immobilization of lactoperoxidase in the redox hydrogel resulted in

suzostannal reduction currents. the currents rapidly decayed when the H202 concentration

exceeded I0 zM, because of reversible substrate inhibition of the enzyme (35). Wiring of

".he oeroxidase from Arthromyces ramosus in the electron-conducting hydrogel led to the

highest current density > I mA cm-l-. The current density increased linearly with the

HlO2 concentration from 0.1 uiM to 500pAM. The current was remarkably stable.

decaying only a few percent per hour.

The horseradish peroxidase (HRP) containing electrodes did not exhibit either the

:iszg c:urrent density nor the exceptional linear range of the Arthromyces ramosus

-ercxtaase based electrodes. Nevertheless. when NaIO4 oxidized HRP was used. the

sensors' performance improved. The aldehydes formed upon NalO4 oxidation of HRP

sugar residues formed Schiff bases with the POs-EA amines, coupling the enzyme's redox

centers with those of the hydrogel and shortening the electron transfer distances. The

currents in electrodes modified with hydrogels with NaIO4 oxidized HRP exceeded by a

factor of 5 those observed in electrodes with untreated HRP, and the sensitivity reached 1

A M- cm-2 .

The NalO4 oxidized HRP based electrode was operable at potentials between

-0.15V(SCE) and +0.3V(SCE). The wide potential window allowed choice of potentials

where non-enzyme specific electrode reaction rates were slow, i.e. where interferant

caused currents were low. The useful pH range of the sensors was 3.8 to 9.6, remaining

within 10% of the maximum response throughout this range. Transient exposure of the

sensors to solutions that were strongly acidic (pH < 3.8) reduced their response, but upon

returning to a neutral pH the sensors recovered. Exposure to strong bases (pH > 9.6)

caused irreversible decomposition of their gel.
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6. Assay of NAD(P)H Through Quantitative Translation to H202

Quinones and molecules with quinoid structures have been reduced in two electron

transfer reactions by NAD(P)H (36-40). Amperometric NAD(P)H sensors based on such

reduction have been described by Miller et at (41.42). Gorton et al (43) and Kulys et al

(44.45). An example of a water soluble quinoid. that is readily reduced by NAD(P)H is

:he N-methylphenazonium ion NMP÷ :

NAD(P)H + NMP* -- > NAD(P)+ NMPH

The reduced phenazine. NMPH is reoxidized by molecular oxygen to NMP' in the H202

generating reaction:

NMPH - 0 ---- > NMP '- H202

The sum of these reactions is the catalytic reduction of 02 to H202 by NAD(P)H:

NAD(P)H + 02 NfMp - NAD(P)÷ + H202

Because the reaction is fast and stoichiometric. NAD(P)H sensors based on ampetometric

assays of the depletion of 02 (46.47) and the colorimetric assay of the H202 generated

(48-50) have been built.

The translation of NAD(P)H into H202 through the above reaction sequence

allowed the sensing of NAD(P)H with the peroxidase electrodes with I A M-1 cm-2

sensitivity and with a 0.1 to 200 giM linear range, similar to those of the H202 sensors

(8). Figure 11 shows the steady state alcohol response of a sensor with NAD÷1NADH

dependent alcohol dehydrogenase, pH 7.4 solution containing 7.1xl0 6 M N-

methylphenazonium methosulfate, 13 units/mL alcohol dehydrogenase and 1.3x l- 4 M

NAD÷. Figure 12 summarizes the electron transfer sequence in the sensing of alcohol.

CONCLUSION

Electrons diffuse in hydrogels built wiht redox polymer skeletons at sufficient rates

to allow interception of electrons transferred between oxidoreductae and their

substrates. Their to electrodes results in the transduction of biochemical fluxes to
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electrical currents. i2ecmcal currents are produced by substrates of flavoenzymes. heme

enzymes and quinoprotein enzymes. Througn catalytic reaction of NAD(P)H with 02 in

an NAD(P)' and H202 produsing reaction and electroreduction of H202 in peroxidase-

containing redox hvdrogels NAD(P)H concentrations can also be translated to electrical

currents.
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FIGURE CAPTIONS

Figure 1. Structure of the water soluble, enzyme complexing redox "wire" POs-EA. m= L.

n=l. p=3 or 2. The polymer-enzyme complexes are crosslinked with either : (a) a

poiyfuncuonal aziridine (PAZ). or (b) poly(ethylene glycol) diglycidyl ether t PEGDE) to

yield hydrogel-forming networks.

Figure 2. Ionic strength dependence of cyclic voltammograms for POs-EA cross-linked

with 5.0 wt% PEGDE coated on IDA electrodes, at an Os3+/2÷ site coverage of r = 1.93

x 10-8 mol cm"2 in 20 mM phosphate buffer at pH 7.0 and at 1.0 mV s-I scan rate.

Generator-collector (solid linet. generator-open circuit (dashed linei. generator-generator

(dotted line) voltammograms are shown for (a). 0.1 M: (b). 1.0 M NaCI.

Figure 3. pH dependence of the electron diffusion coefficient of POs-EA cross-linked

with 5.0 wt% PEGDE. r = 4.35 x 1-O9 mol cm"2 in 20 mM phosphate buffer containing

0.1 M NaCI at 2.0 mV s-1 scan rate.

Figure 4. (a) Dependence of the current density of a sarcosine oxidase electrode on

sarcosine concentration. Open circles. Ar atmosphere: solid circles. 02 atmosphere:

glassy carbon electrode: 20 weight % enzyme: 200 pg cm-2 loading; 0.45 V (SCE); pH

7.2 phosphate buffer, 0.1 M NaCI; 1000 rpm: 22@C. (b) Dependence of the maximum

current density of sarcosine oxidase electrodes on the enzyme content of the hydrogel at

150 pg cm"2 loading. Conditions same as above. Jmax determined from Eadie-Hofstee

plots. (c) Dependence of the apparent Michaelis constants of sarcosine oxidase electrodes

on the enzyme content of the hydrogel. (d) Dependence of the maximum current density

of sarcosine electrodes made with 20 weight % enzyme on the thickness of the hydrogel-

films.



Figure 5. Response of a bilaver sarcosine - creatine amidinohydrolase electrode (open

circiesi to creatine. The solid circles show the creanne-response of a sarcosine electrode

made without the hydrolase. The hydrogel-forming polymer contained 26 % sarcosine

oxidase, 20% PAZ crosslinker. and 54% POs-EA. Loading was 50 pg cm-2- .The bilayer

electrode had an exterior film of 40 pg of creatine amidinohydrolase (0.5 units)

crosslinked with PAZ and poly(vinyl pyridine) quaternized with bromoethylamine.

Figure 6. pH dependence of the glucose-produced current of a glassy carbon electrode.

modified with the hydrogel formed of glucose oxidase. POs-EA and PEGDE under argon

,open circles) and of a hydrogen peroxide detecting platinum electrode modified with the

same gel. except for having the POs-EA analog without the osmium complex under

oxygen (solid circles). 10% weight glucose oxidase. 80 gig cm-" loading.

Figure 7. Comparison of the current output and the sensitivity for GDH and GOX

electrodes. Open square: GDH electrode: Solid diamonds: GOX electrode. 0.4 V (SCE);

1000 rpm: air atmosphere.

Figure 8. Time Qeendence of the output of GDH electrode at 0.4 V (SCE). Continuous

operation at constant 10 mM glucose concentration (open squares) and in a flow injection

analyzer where 30 second 10 mM glucose pulses were injected once per hour (solid

diamonds).

Figure 9. Scheme of cathodic assay of hydrogen peroxide using POs-EA-based electron

conducting hydrogels to which a peroxidase is covalently bound. Os2÷/3+ denotes gel-

bound redox centers.
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Figure 10. Amperometric response of peroxide sensing cathodes built with different

peroxidases covalently bound to electron conducting hvdrogeis based on POs-EA.

Closed circles. HRP: open circles. NaIO4 oxidized HRP: squares. LOP: triangles. ARP.

Figure 11. Steady state alcohol response for alcohol dehydrogenase with the "wired"

peroxidase cathode. 0 V (SCE); 1000 rpm: pH 7.4 phosphate buffer.

Figure 12. Electron transfer sequence in the transduction of the concentration dependent

alcohol flux to a cathodic current. Even though 7 electron transfer steps are involved in

.ie ransduction. these are so efficient that the current represents about 10% of the

electron pairs transferred in the oxidation of ethanol to acetaldehyde.
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Glucose Electrodes Based on Cross-Linked [Os(bpy) 2CI]+12+
Complexed Poly(1-vinylimidazole) Films

Timothy J. Ohara, Ravi Rajagopalan, and Adam Heller*

Department of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712-1062

Enzyme electrodes based on a redox hydrogel Pvi,~-O
formed upon complexing water-soluble poly(I- m = 1an n =3.10
vinylimidazole) (PVI) with [Os(bpy)2 ClJ] and
cross-linked with water-soluble poly(ethylene m
glycol) diglycidyl ether (molecular weight 400, peg
4 • are described. Thepropertiesof theelectrodes

aded on their polymers' osmium content, the
nt of cross-linking, the pH, and the ionic

strength in which they were used. The redox
hydrogels' electron diffusion coefficients (D.)
increased with osmium content of their polymers.
The D. values were 1.5 X 10-, 1.3 X 10-6, and 4.3 X
10-' cm'/s for PVI-Os, PVIs-Os, and PVIrOS, ciJ Mi l .
respectively, the subscripts indicating the number $•N 0
of monomer units per osmium redox center. DA o N'
decreased with increasing ionic strength andO
increased upon protonation of the polymer. In
glucose electrodes, made by incorporating into
their films glucose oxidase (GOX) through cova- PpW 1. Chemical suiClie of Os)tC1 compxed wNh poM1-
lent bonding in the cross-linking step, glucose was k)"

electrooxidized at >150 mV (SCE). The charac-
teristics of these electrodes depended on the GOX po0(e giol di d eer, Peg 40, n = 9
concentration, film thickness, 02 concentration,
pH, NaCl concentration, and electrode potential. '"r"•,C~rCN7)n-CH27"--
The steady-state glucose electrooxidation currents b. Epoxift reaton wth an
were independent of the polymers' osmium content OH
in the studied (3-10 monomer units per osmiumn
center) range. Electrodes containing 39% GOX R1 R "-
reached steady-state glucose electrooxidation cur- A2  A2

rent densities of 400 &A/cm= and, when made with c. Epox reaction with an imkideole
thick gel films, were selective for glucose in the RI RI
presence of physiological concentrations of ascor- I
bate and acetaminophen. I I

INTRODUCTION Unll C\--n
Redox hydrogel films are unique both in having adequate 2 2. (a) Chnia sture of the depoxid c agent

electron diffusion coefficients (Le., not rate limiting) and in (b) General reaction of an epoxide wih an an"e. (c) Geral reaction
being permeable to water-soluble substrates and products of of an epoxjde with an imidazole.
enzymatic reactions.' When a cross-linked redox polymer
network electrically "wires" an enzyme that is covalently (ethylene glycol) diglycidyl ether (peg 400, Figure 2a) with
bound to it, then the gel and the current-collecting metal PVI.-Os and GOX.
form enzyme electrodes. Such electrodes are potentially A reference polymer with which the PVIL-Os polymers is
useful in applications where release of diffusional mediators
from the electrodes is to be avoided and where small size is compared is poly(4-vinylpyridine) (PVP) complexed with
important.2 Here we show that hydrogeis, based on the Oshbpy) 2 C1 (POs) and partially quaternized with broino-
Os(bpy)C]+/2+ complex of poly(1-vinylimidazole) (PVI) (Fig- ethyxapine (POs-EA).' P0o is only ,mrginally soluble in
ure 1) termed PVI-Os, are adequate electron conductors and water except at high osmium loading. POs-EA is, however,
that electrons originating in the redox site of glucose oxidase water soluble and easy to cross-link with diepoxides such as(GOX) are transferred through the gel's polymer network to peg 400, which binds POs-EA amines and lysyl functions of

byaeranfeh cross poly-r nenzyme proteins (Figure 2b).4 The resulting redox hydroglelectrodes. The hydrogels are made by cross-linking poly- adheres well to the electrodes. In contrast with the PVP-
(1) Haler, A. J. Phys. Chem. 192, 96,3579-3587.
(2) Piabko, MK V.; Michael, A. C.; Heller, A. Anal. Chem. 191, 63, (3) Greg, B. A.; Heller, A. J. Phys. Chem. 1"11,9, 597O-5975.

2268-2272. (4) Greg, B. A.; Heller, A. J. Phys. Chenm 1"91, 95,576-M90.
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derived polymers, the PVI.-Os polymers are highly water = 7.2). The current responses of the glutoe electrodes were
soluble and do not require quaternization with bromoethyl- found to have a sigmoidal dependence on potential reaching
amine for easy cross-linking with water-soluble diepoxides a plateau in oxidation current at potentials of >300mV (SCE).
(Figure 2c). The redox potential of PVL,-Os is 200 mV (SCE) In the constant-potential experiments, the working electrode
vs 280 mV (SCE) for POs or POs-EA. Because the redox was poised at 0.4 V (SCE) well in the plateau of glucose
potential of the resulting enzyme electrode is also lower, electroouidation. The chronoamperometric measurements
currents resulting from electrooxidation of some interferants were performed with a Princeton Applied Research Model
are reduced. 273 potentiostat. The potential was initially held at 0.0 V

(SCE) for 15 s and then stepped to 0.8 V for 0.3 s. The slopes
EXPERIMENTAL SECTION of the resulting i vs t-' 2 plots were unaffected upon varying

the residence time (0.1-0.5 s). Three hundred data points
Chemicals. 1-Vinylimidazole(Aldrich),K( o sCim (Johnson were recorded. The reported values are averages of either

Matthey), 2Z'-bipyridine (Aldrich), (sodium 4-(2-hydroxy- four or five measurements.

ethyl)-l-piperazineethanesulfonate) (Na-HEPES; Aldrich),

poly(ethylene glycol) diglycidyl ether (Polysciences, peg 400, RESULTS AND DISCUSSION
catalog No. 08210), and glucose oxidase (EC 1.1.3.4) from
Aspergillus niger (type X-S, 198 units) were used as received. Cyclic Voltammetry of PVI-Os-Peg 400-Coated Elec-
2,2'-azobis(isobutyronitrile) ( AIBN, Polysciences) was pu- trodes. The effect of the extent of cross-linking on the
rifled by double recrystallization from methanol and stored electrochemical behavior of PVI.-Os (n = 3,5,10) films cross-
at-20*C. Os(bpy) 2Cl 2waspreparedbyareportedprocedure. 5  linked with 5-20% peg 400 was determined for electrodes in

Poly(1-vinyliuidazole) (PVI). Bulk polymerization of which the quantity of redox polymer was held constant, with
PVI was carried out by heating 6 mL of 1-vinylimidazole and thefilmscuredfor>48h. Coulometry(by cyclic voltammetry
0.5 g of AIBN at 70 *C for 2 h under Ar. A dark yellow at ImV/s)showedthat--50% oftheoemiumwasimmobilized
precipitate formed soon after heating. After the reaction and that it did not vary with the extent of cross-linking. The
mixture was allowed to cool, the precipitate was dissolved in cross-linked films adhered well to the vitreous carbon
methanol and added dropwise to a strongly stirred solution electrodes and retained -95% of their electroactive osmium
of acetone. The filtered precipitate was a pale yellow when soaked in a stirred phosphate buffer at room temper-
hygroscopic solid. The molecular weight of the polymer was ature for 72 h.
found, byHPLC analysis usingaSynchrom Catsec300colun- The separation of the oxidation and the reduction peaks
with 0.1% trifluoroacceticacid and 0.2 M NaCl as the elutant, (&Ep) of the voltammograms ata 100mV/s scan rate remained
to be -7000. The flow rate in the molecular weight constantat -100mVthroughthecross-linkingrangestudied.
determination was0.4 mL/min, and poly(2-vinylpyridine) was This contrasts to the results from POs-EA films, where 4E,
used as the standard. increased with cross-linker (peg 400) concentration, suggesting

PVIA-Os, n = 3,5,10. Oamium-derivatizedpolymerswere better electron diffusion kinetics in PVI,-Os films.3

prepared by a procedure similar to that of Forster and V06,6 The peak width at half-height (Eftb) (for the oxidation
where the appropriate amount of Os(bpy)2C•2 was refluxed wave measured at 1 mV/s) increased with the extent of cross-
with PVI in ethanol for 3 days. The elemental analyses were linking from 60 to 110 mV for PVI.-Os (n = 3,5,10). While
as follows. Caled for [PVIr-Os] - 3H 20, CsCl2H•N1 o- in the POs-EA system the E 1 b of the oxidation peak was
Os-3H 2O: C, 40.2; H, 4.4; N, 15.4; Os, 20.9. Found: C, 46.4; narrower than that of the reduction peak, in the PVIL-Os-peg
H, 4.2; N, 15.3; Os, 18.4. Caled for [PV6-Osl] -5H20, C4F 400 systems the two were precisely equals
Cl12HIN140s-5 H2 0: C, 47.7; H, 5.0, N, 17.3; Os, 16.8. Found: 40ssestetowr rcsl qa.C,48.2; H, 4.5; N, 16.2; Os, 15.4. Calcd for [PV F1o-Os]-10HuO, Diffusion Coefficients. DeC p2 values (D. being the
C I,4.2 HeN ,Os.10H2 0: C, 49.6; H, 5.7; N, 19.9; Os, 11.2. electron diffusion coefficient and C, the concentration of the

0ou C,51.;H,0 5.2;C, 49.6; Hs, 11.7; Ne 19.9; osmium- redox couple in the film) were measured for the cross-linked
Found: C, 51.1; H, 5.2; N, 18.7; Os, 11.0. The three omu- films by potential Step Chronoamperomretry.7 CP Values Werederivatized polymers are referred to as PVI3 -Os, PVIs-Os, calculate n getep molesometr.7ctive wand PV110-Os, where the subscript represents the number of calculated by dividing the moles of electroactive osmium
vinylimidazole t thesu per Os(bpy)sCt. complex (found by cyclic voltammetry at 1 mV/s) by the film

thickness. Since all electrodes were prepared with the same
Electrodes. Rotating disk electrodes were prepared by amount of osmium redox polymer, they were assumed to have

embedding vitreous carbon rods (3-mm diameter, V-10, the same film thickness of 0.7 anm based on a density of 1
Atomergic) in a Teflon shroud using a low-viscosity epoxy
(Polysciences, Catalog No. 01916). Electrodes were prepared g/cmt . There was substantial scatter in the data, suggesting
by syringing a 2-ILL aliquot of 5 mg/mL-1 PVIL-Os solution toattherewas ndiscernibletrendinthe dependencer fDnCth
onto the electrode surface (0.071 cm2). Next, a 2-pL volume on cross-linking (Fable I). D. was, however, higher in the
of a 4 mg/mL.1 (10 mM HEPES, pH = &81) solution of glucose PVIb-Os polymer films than inthe cross-linked POs-EA films
oxidase was added onto the electrode and stirred witha syringe by a factor ofS5s Dewas higher and nearly identical for PVIf-
needle. In the final step, 1.2 #L of a 2.5 mg/mL solution of Os and PVIs-Os Strms and lower for PVHon-Os films.
peg 400 was added to the electrode and stirred. The electrode Effects of Ionic Strength and pH on the Electron
was allowed to cure for at least 48 h under vacuum. Diffusion Coeffiients. AsseeninFigure3,Deut decreased

Measurements. Electrochemical measurements were with increasing NaCl concentration through the 88-2000mM
performed with a Princeton Applied Research 175 universal range. Specifocally,sDC 2decreased by -50% when the NaCI
programmer, a Model 173 potentiostat, and a Model 179 concentration was raised from 88 to 1000 mM NaCL The
digital coulometer. The signal was recorded on a Kipp and anions screen the cationic charges on the polymerand thereby

ZonenX-Y-Y' recorder. Rotatingdiskelectrodeexperiments reduce the electrostatic repulsion that straightens the chains.

were performed with a Pine Instruments AFMSRX rotator When the electrostatic repulsion is reduced, the chains assume

with an MSRS speed controller. The three -electrode cell an entropically favored randomly coiled configuration, i.e.,

contained 0.1 M NaCI buffered with phosphate (20 rM, pH the chainswhich are reasonably straightatlow ionicstrength,
ball up. When the chains are straight, most of their redox

(5) Lay, P. A.; Sargeon, A. M4 Taube, IL Inorg. Synth. ISM6, 24,
291-299. (7) Murray, R. W. In Electroanalytical Chemistry,; Bard, A. J., FA.;

(6) Forter, R. J.; Voe, J. G. Macromolecules 1990, 23, 4372-4377. Marcel Dekker. New York, 1984; pp 191-36&
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Table L Effects of the Extent of Crms-Linking sad Rodox 4

Site Deasity on D64
% peg 400 PVIS-Os PVI6-Os PVI20-Os

DC, (XlOu mol cm4 -')
20.0 18.7 15.3 1.21 3
16.7 26.6 7.65 3.46 A

9.1 38.2 11.3 9.92
4.8 36.0 5.60 3.51 E
avg DC, 2  30.0 * 9.0 9.96 * 4.27 4.52 * 3.75 • 2

D, (X10 cm 2 s-1)
20.0 0.85 2.34 0.11 "7
16.7 1.29 0.86 0.25
9.1 1.46 1.55 0.68 A

4.8 2.28 0.57 0.68 1'
avg D. 1.47 0.60 1.33 0.79 0.43*0.29 3 4 5 6 7

rx 10/mool cm"2

10 Rge. S. Baezoqihon pemwatlon owent donmly per irifti
A concentration as a function of surface coverage. The benzoquon

"concentration was 1.1 nM and tw scan rate wed was 5 mVIs. Gold
electrode area was 0.071 cm2 , and the reduction currents were

E mesred at -0.5 V (SCE).
U A

S•inish The pH dependence of D. was similar to that observed
"- 5 in the POs-EA-peg 400 system30 where charging of the
SA network facilitated electron transfer. In PVI-Os networks
"X swelling at low pH should decrease C.. Nevertheless, the

CC increase in D. was so large that D.Cp, still increase&
Permeability of PVI3 -Os-Peg 400 Hydrogels. Perme-

o" ability of the hydrogels to water-soluble substrates and
001 products is important in biosensor application& For the

0 1000 2000 analysis of permeability, p-benzoquinone was chosen as a
model compound because of its known electrochemistry and

NaCI Concentration I mM its nonionic nature. The diffusional and kinetic character-
F~ee 3. Dependence of D.C,, on the concentration of Nsa for istics of benzoquinone partitioning through an electrode film
electodes coated with cross4inked PVIo-Os film with 9.1% peg 400. has been analyzed by Saveant et a.,1 1 who measured limiting

11" current densities for rotating disk electrodes and obtained
Koutecky-Levich plots for polymer film electrodes. Ben-

io 10" AA AA zoquinone is reduced at pH - 7 at -0.2 V negative of the
A redox potential of PVL,-Osuln, i.e., at a potential where

0 9. "A benzoNuinone cannot be catalytically reduced by PVl.-Osn.

0 A The benzoquinone electroreduction current densities were
E 8 t measured as a function of osmium loading (Figure 5). The
* A current densities decreased upon increasing osmium loading
0 7 A more rapidly than they did in POs-EA films. A crow-linked

A A PVI3-Os film having 6.6 X 10- mol/cm2 osmium sites reached
a t oal6 A

UA a current density of 1.2 mA/cm2 at 1 mM benzoquinone, while
5 A a POs-EA film with 9.7 x 104 mol/cmo Os sites had a current

A5 A AAA density of 2 mA/cm2 at I mM benzoquinone.8 Apparently,
4 ethylamine groups in POs-KA films loosen the cross-linked

0 2 4 6 8 10 12 structure.
Steady-State Amperometric Glucose Response of

pH Cross-Linked PVI*-Os Films Containing GOX. The
Fir" 4. Dependence of 0.C2 on the pH for an electrodes coated steady-state electrooxidation current was measured at I000
with PVIo-Os with 9.1% peg 400. rpm as a function of the amount of enzyme in the film at 48

mM glucose concentration, well above the K1 of the electrodes
centers are exposed and electrons are transferred through (Figure 6). In electrodes prepared with a fixed amount of 10
collisions between segments of neighboring chains. When pg of PVI.-Os (n = 3, 5, 10), 12% peg 400 (by weight), and
the chains ball up, only their exposed, Le., surface, redox 0.5-8 jg of GOX, the current densities did not vary with the
centers transfer electrons in collisions andD. is reduced. Even osmium content of the polymers, the sensor response being
though C, increases with ionic strength, the loss in D. is so controlled by the amount of enzyme. The currents were
great that D.CV2 is also reduced.8  highest in electrodes containing 8 jg of GOX, corresponding

Figure 4 shows the pH dependence ofD.C.2 in 0.2 M NaCL to 39 wt %. In a series of electrodes made with 39% GOX
The observed decrease in D.CpF at pH = 4 coincides with the
pKo(PVL' As the PVI is deprotonated the repulsive forces (10) Aoki, A.; Hfeler, A. J. Phys. Chem, in prwe

(11) (a) Andrieus, C. P.; Ham, O Savent, J. KA. J. Am. Chem Sao.
within the network are decreased and the mobility of chain 19,108,8175-818(b) Andrieux, C. P.; Saveent, J. . J. Ect roaraL
segments, which apparently control electron transport, dim- Chem. 1983, 134,163-166. (c) Andrieux, C. P.; Dumas-Bouchiat, J. It&;

Saveant, J. K. J. ElectroanaL Chem. 196, 131, 1-35. (d) Andrieux, C.
P.; Dumms-Bouchiat, J. M.; Saveant, J. hL J. ElectroanL Chen. 1984,

(8) Demai. Y.; Heiler, A. J. Anm Chem. Soc. 1989,111, 2357-2358. 169, 9-21. (e) Ledy, J4 Bard, A. J.; Maloy, J. T.; Savent, J. A. J.
(9) Tom, J. 8.; Sochar, A. F. Polym. Prepr. 17M, 20,15-18. Electroanal. Chem. 1985,187, 205-227.
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cross-&ie wkth 12% peg 400: 48 mMA gucose,. 1000 and 02 (squares). Electrode costed wWI 10 oig of PV13rOs. 8 stg of
rpm. 20 rn1M Ohoephlste pH= 7.2, air GOX. and 2.5 p~g of peg 400; at 1000 rpm.

and cross-linker concentrations varying between 2 and 22%, 200*
thehighesteurrent densties were observed in electrodes made
with 12% croeslinker. Above 68% enzyme content, the
current densites are highest for PVIw-Os, the polymer having17
the lowest density of redox centers. Evidently, electron-19
traxisferringcolliaioofchians~, not electron hopping between 34
neighboring sites, now limit the transport of electrons.

Glucose Diffusion through Cross-Lin~ked Films. In- o
creasing the rotation rate from 100 to 2M0 rpm at 10 and 48E
mM glucose concentrations did not substantially affect the 8
glucose eetoxdton currents. At 1 mM glucose concen-
tration under a nitrogen atmosphere. the current decreased
only by 14% when the rotation rate was reduced from 2500
to 100 rpm. As will be discussed later, this was not the case 0 10 20 30 40 5
when the solution was 02 saturated. The absence of greater
dependence of current density on rotation rate suggests that Glucose Concentration I mM
the currents were controfladt primarily by a process within PipseS Dependsncofthsesteady6statsowetdmwlatheoniecose
the films and not by mass transport to the films at >1 mM conoentration under N2 (obuaLe) air (trianles). and 0% (squares).
glucose. Thiusfrom the measured 1.2 mA/cm'current density Electrode coated as in P9"w 7. Stagnant solution (no rotaftlon).
for bensoquinone, and asuming that glucose and benzo-12
qumnone permeation rates do not differ greatly, one can12
conclude that, unless limited by the activity of the enzyme,
the current density is limited either by the rate of electron E 100'
transfer to the redox polymer from the enzyme's FADH2
centers or by electron diffusion through the cross-linked 80,

02 effets on Glucose Response. The steady-state60
glucose response is shown in Figure 7 for a typical cross-
linked electrode (10 og of PVI5-Os, 8 pg of GOX, and 2.5 pg40
of peg 400) under N2,air, and 02atl1000rpm. Evidently,O02
competes effiectively with PVI,-Os in the oxidation of FADH,20
centers.rI

At 48 mM glucose, the glucose electrooxidation current 0__________
decreased by 45% when the bubbled gas was switched from 0 1 0 3 0 5
N2 to 02. At 2 mM glucose, the decreas was 76%.GlcsCoenrtn/ 1
Apparently, at high glucose concentrations the 02 fl=x is Glucspxbo ose odnd-fcnwtration I mMo
consumed in the outer laye of the film, while a substantial FononlareS n Detndlofi 02 st 100rm sure s)l and uner 0gant
inbound glucose flux survives oxidation by 02 and penetrates It', , (clrcles) Electrode costed as In Figure 7.
the film. Consistently, the loss in current upon switching the
atmospherefrom Nto0,weasreduced not onathigh glucose i.e., the currents were higher for the rotating electrode, being
concentrations but also when thicker cross-linked films were dominated by glucose flux.
emnployed or when the films were heavily loaded with GOX. Dependence of the Glucose Response on Film Thick-
Furthermore, upon decreasing the 0% flux through stopping ness. Electrodes with films having 1.1 X 10-9-9.7 X 10-6 mol/
the 1000 rpm rotation of the electrodes, the 0,-associated cm2 electroactive osmiumwere studied. Forthisexperiment,
loss diminished, (Figure 8). The glucose elcroiain all electrodes were prepared with a constant percentage of
current at >6 mM glucose was greater when the electrode PVI-Os (49%), GOX (39%), and peg 400 (12%). A plot of
rotaflon wostopped because ofthe decrmesin0%flux (Figure the steady-state glucose electrooxidation current at 48 mM
9). Below 6 mM glucose the behavior was, however, normal; assa function of the amount of osinium in the enzyme/polymer
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so. of 0gw sites is the highest and Io. is largest. Upon increasing
the glucose concentration, Io. decreases. Note that if ascar-
bate rather than aFADH2 centeris oxidized byan Os"' center,

60. then the glucose electroouidation current (Ic;) is decreased
and the increase in Io, is offset by the decrease in Ic.

- In thin-film electrodes the situation is quite different. The
40- glucose response is shown in Figure 15 for an electrode with

*40 a thin film (140 pg/cm2 PVI,-Os, 110 pig/ cm' GOX, 35 pg/cm2A peg 400) in the absence and in the presence of 0.1 mM
ascorbate. The ascorbate-related current increment is large,

20, doubling the current at 6 mM glucose. Evidently, in thin-
( £film electrodes Ife introduces a lrg error. The oxidation

of scobae i sronlyrotation raedependent, in contrast
01. with the glucose electrooxidation rate, which is nearly

0 2 4 6 8 independent of the rotation rate.
r X 100 / Mol CM- 2  Thick-film PVIL-0s-based glucose electrodes were also

Flpam 14 Dependlence of the steatd-sat. oxiation carrent of 0. 1 selective against acetaminophen The glucose response curve
nm1asocrbstef~rn#*nsmss.Electrodes rep-edwi, PVlrOs (49%), with 1 mM acetaminophen was similar to that shown for 0.1
GOX (39%, and peg 400 (12%). Coniflons as b in , 6~ . mM ascorbate. The addition of urate caused, however, an

________________ initial increase in oxidation current, followed by arapid decay.1 ~Cyclic voltammetry confirmed urate electrooidation by Os"'
sites and a resulting loss in the surface densty of thes sites.

o CONCLUSIONS

The poly(vinylimidazole)-derived redox polymers PVI,-
0s form with GOX, upon crosslinkring with a water-soluble
diepozide, hydrogels that are permeable to glucose and

- ~through which electrons diffuse. The polymer is simpler and
100 easier to make than the earlier reported poly(vinylpyridine)-

derived P09-EA and does not require modification with
U ~primary amine for cross-linking with a diep~oxide at ambient

temperature in an aqueous solution. Electrons diffuse
o - 10 1- - hog hglm~ cifeigeednm~ai

0 5 0 1 20Le., the rate of electron diffusion isnot controlled by hopping
Glucose Concentration / mM between neighboring redox sites within chains, but by

Pipes15. Os adeceofti st. -*-ebt.,ctwrunae y nkxm collisions between segments of redox polymer chains. Am-
concentration in ft presence of 0.1 nfd ascorbate (squsius) and perometric glucose sensors made with thick PVIL-Os- and
w1ihojt ascorbals (circless) Electrode coated with 10 p~g of PVI-Os, GOX-based gels are reasonably selective in their glucose
8 pg of GOX, and 2.5 ug of peg 400. response in the presence of the electroxidizable interferants

ascorbate and acetaminophn
When the glucose electrodes were made with thick PVI,-

Os films, the ascorbate- and acetaminophen-caused currents ACKNOWLEDGMENT
decreased in the absence of glucose. Figure 14 shows the We acknowledge support ofthis work bythe Office of Naval
change in aacorbate currentwith film thickness. Interferants Research, The National Science Foundation, The National
can be electrooxidized either at the electrode surface 1.d Institutes of Health, and the Robert A. Welch Foundation.
at osmium redox sites (Jo.), or at both. Reduction in We especially thank loanis Katakia and Dr. Nigel Surridge
interference with increasing film thickness is interpreted as frisgtu omns
resulting from a lesser flux of ascobate to the carbon surface frisgtu omns
(L~e, from reduced lint) and/or from a decrease in ascorbate
oxidation at the outer osmium sites, because of slow electron RB~zMVK for review April 28, 1993. Accepted September
diffusion. Because both ascorbate and FADH2 are oxidized 15, 1993.0
bya limited number of OsmsitesJo~decreases upon increasing
theglucoseconcentration. AtOmMglucose~theconcentration * Abstrac publised in Advance ACS Abstracts, October 15, 199&.
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Electron Diffusion Coefficients in Hydrogels Formed of Cross-Linked Redox Polymers
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The apparent electron diffusion coefficient (DJ) for the redox polymer POs-EA, an ethylamine quaternized
poly(4-vinylpyridine) complex of [Os(bpy)2Cl]÷/ 2+ (bpy = 2,2'-bipyridine) chloride, has been measured by
steady-state voltammetry at interdigitated array (IDA) electrodes. In cross-linked POs-EA D, decreased upon
deprotonation of the pyridine rings at pH > 4, upon increasing the ionic strength, and upon replacing the
well-hydrated chi.)ride counterion by the less-hydrated perchlorate counterion. In moderately cross-linked
POs-EA (5 wt % cross-linker) De increased from 4.5 X 1(0- to 1.6 X 10-8 cm 2 s-1 when the pyridine rings were
protonated, but in highly cross-linked POs-EA (25 wt % cross-linker), where the motion of the chain segments
was restricted, De was independent of pH. The results suggest that D. increases with the hydration of the
cross-linked redox polymer.

Inatr44acgon the shortest route where electrons propagate by jumping across

The transport of electrons and ions through redox polymers spaces between protein segments.6 Because the rate of electron

has been thesubject ofintensivestudyduringthepasttwodecades.' transport along bonds of a polymer's backbone decays relatively
A subgroup of these materials, consisting of redox hydrogels slowly with distance, but the tortous electron route is long, whileformed by cross-linking water-soluble redox polymers, is of the rate of electron transport between chains decay rapidly with

particular interest in the context of biosensors.2- 5 When redox distance, but th lon te is short, an optimum must exist
enzymes are integrated in the cross-linked polymer, electrons are where the resistances along the backbone and collision routes are
transported via the redox polymer network between the enzymes' equal. Segmental motion of the polycationic polymer backbone
reactive centers and electrodes. An example of a cross-linkable involves significant displacement of anions.7 The balance between
enzyme-connecting redox polymer is poly(4-vinylpyridine) par- electron routing along redox polymer chains and routing between
tially complexed with osmium bis(2,2'-bipyridine)chloride and chains depends on the flexibility of the redox polymer backbone,$
partially quaternized with 2-bromoethylamine, (designated POs. the nature of the redox centers,' and their density.'0

EA).2 The dynamic electron-relaying properties of this polymer The transport of electrons through redox polymers is measured
are of importance in defining its current carrying capacity ftom by their apparent electron diffusion coefficients, D., which can
enzyme redox centers to electrodes. Realization of high-cdrrent be measured by transient 7.-8," and steady-state9-10 .12-16 electro-
density electrodes, made with thick, enzyme-loaded hydrogel films, chemical methods. The transient methods included cyclic
requires that both electron transport and substrate/product mass voltammetry,7 chronoamperometry, 21 ,7 chronocoulometry,8 and
transport be rapid. Water-soluble substrates and products pulse techniques." Because of the macroscopic movement of
permeate usually rapidly through the hydrogels, where their counterions into and out of the polymer films upon oxidation or
solubilities and diffusion coefficients approach those in water, reduction, interpretation of the measurements requires separation
The electron diffusion coefficients in diepoxide-cross-linked of the electronic and ionic components of the measured response.
polycationic POs-EA hydrogels depend on the pH, on the nature Andrieux and Savyant have shown that the mobility and
of the counterion and on the ionic strength of the contacting concentration of the counterion do indeed affect the transient
aqueous solution. Specifically, electron diffusion increases when response in films that are highly redox site loaded and that the
the polymer network is charged by protonation of its free pyridines lesser the mobility or concentration of the counterion, the more
and decreases either if Cl-, a hydrophilic counterion, is replaced the transient current is affected by ion migration.'7 The need for
by C104, a less hydrophilic counterion, or when the ionic strength sorting out the response component resulting from macroscopic
is raised. ion migration is avoided in steady-state measurements; sandwich,

Transport of electrons, i.e., self-exchange between identical rotatingring-disk,12 and interdigitated array (IDA) electrodesa 3
redox centers of POs-EA, involves both charge propagation along were all used for such measurements. As shown by Sav6ant,'5

the polymer's backbone (through a and other chemical bonds) eve aog the cur rent se As nown in thsand collisions between segments of the folded polymer. The even though the current response does not depend in these
andcolisins etwen egmntsof he oldd plymr. he measurements on the diffusion coefficient ofthemobilecounterion,colliding segments may be spatially in each other's proximity, stlependsontmicroscopic i counten p m . a

even if separated by a long sequence of bonds. When propagating it still depends on microscopic counterion displacement. Steady-
along bonds in chains, electrons hop between neighboring redox state voltammetry is, nevertheless, the method of choice for
sites, traversing occasionally cross-linker segments. Such hopping, measuring D. in redox polymers. Furthermore, steady-state
while possible, results in a much longer path and in a more resistive voltammetry with IDA electrodes allows direct measurement of
route than the combination of hopping between neighboring redox D. and has the advantage of not requiring knowledge of the film
sites of chains and electron-transferring collisions between redox thickness or of the concentration of the redox centers in the
polymer segments. Electron transport involving both a' bonds polymer.13 If the spacings between the fingers are narrowed to
and hopping through space together accounts better for observed micron dimensions and the arrays are made with a large number
electron-transfer rates in proteins than either electron transfer (0-102) of fingers, then D. can be measured accurately even if
exclusively along tortuous a-bond sequences or exclusively along it is much smaller than the coefficient of diffusion of ions in

liquid soludions. For this reason, we chose for measurements of
' Abstract published in Adnance ACS Abstracts. September 15, 1993. De the IDA-based method of Murray and co-workers13 in our
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SCHEME I concentration we calculate, from Iss, Q and the geometry, a value
of the apparent De.

The values of the apparent D, that we obtain in hydrogels may
Red Red%-Red Red be compared with values obtained by Murray et al.9 for

O "Ox M O X electropolymerized Os(bpy)2(vpy) 22+/
3
+ (bpy = 2,2'-bipyridine,

vpy = 4-vinylpyridine) and Os(vbpy) 32++/
3 (vbpy = 4-methyl-

_Lf Z.. . L4'-vinyl-2,2'-bipyridine). These osmium complexes had, respec-
generator coll ctor tively, two or three vinyl groups, causing extensive cross-linking

(A) geberator-COleOr experinent and formation of rigid matrixes. Our D. values may also be
compared with those of Oh and Faulkner,8 who studied poly(4-
vinylpyridine)-based systems with both electrostatically held and

Red Ox Red Ox coordinatively attached redox centers and estimated the con-
centration of redox centers in their dry polymers by chronocou-
lometry. Our study of effects of the ionic strength on DL follows

generator generator work by Anson and Savyant, 21 who showed that in polymers that

(B) generator-generator experiment were highly loaded with ions and had lower dielectric constants,
ionic association lowered D,. Study of the POs-EA/PEGDE
hydrogel by steady-state voltammetry at IDA electrodes shows

Red Red % Red that protonation of the backbone and presence of the hydrophilic
Ox Ox "Cl- counterion-both of which lead to hydration-increase the

apparent D.. High NaCI concentrations and presence of the
relatively hydrophobic C104- counterion decrease the apparent

generatoropen circuit D.. Overall, our firdings agree with the suggestion that D. is
(C) generator-open circuit experiment enhanced when motion of segments of a redox polymer allows

collisional electron transfer between segments. Such electron-
films made by cross-linking the water soluble POs-EA with water transferring collisions evidently shunt the longer, equally sig-
soluble poly(ethylene glycol)diglycidyl ether (PEGDE).2  nificant, tortous routes involving redox-site to redox-site hopping

The principleof steady-statevoltammetry with IDA electrodes of electrons along the backbone of redox polymers.
is shown in Scheme I. In the generator-collector experiment
(Scheme IA), the potential of the electrode on the left-the Experimental Section
generator--is swept from reducing to oxidizing. The collector
(on the right) is maintained at a fixed sufficiently reducing Chemicals. POs-EA was prepared as described.2' Thepolymer
potential to collect the electron vacancies produced at the consisted of 50 kDa poly(4-vinylpyridine) (PVP) partially
generator. The steady-state concentration profile of redox sites Complexed with Os(bpy) 2Cl2 (Os) and quaternized with 2-bro-
through the zone between the generator and the collector depends moethylamine(EA). The PVP/Os/EA ratio was 6:1:1.2. Thus,
on the potential at which the generator is poised. 63% of the pyridine group were not quaternized. The diepoxide

The total charge (Q) of the electroactive centers is obtained used for cross-linking the POs-EA was poly(ethylene glycol)
in a generator-generator experiment, shown in Scheme lB. Here, diglycidyl ether (Polyscience, PEG400). The experiments were
the potential is swept at both electrodes so that the polymer is performed in a (pH = 7.0) 20 mM phosphate buffer solution with
first fully reduced then fully oxidized. Integration of the 0.1 M NaCI. All chemicals were reagent grade and were used
voltammogram yields the charge Q. Once Q is known D, is without further purification.
calculated by eq 1, 3 where Iss is the steady-state anodic current Apparatm. A Pine Instruments RDE-4 bipotentiostat with a

x-y-y' Kipp and Zonnen recorder was used. The single-
In N compartment water-jacketed electrochemical cell had Pt auxiliary

De -- ap(w + gap)j-j (1) and saturated calomel electrode (SCE) reference electrodes. The
experiments were carried out under N2 at room temperature (20

plateau reached in the generator-collector experiment, i.e., the 4 I 0C).
current flowing when the oxidizing potential on the generator is IDA Electrodes. The IDA electrodes were fabricated by
sufficient to cause the current to be limited by electron diffusion conventional photolithography using liftoffof a positive photoresist
to the collector; c is a correction factor for microscopic counterion (Hoechst, AZ 1350J-SF). Gold was sputter-deposited onto the
displacement;"s N is the number of fingers; w and gap are the chromium-primed glass substrate with the patterned resist as
finger and gap widths, respectively. Equation 1 was derived described earlier.20M The IDA consisted of 100 (N), 2.0-mm-
assuming a linear concentration gradient between the generator long, 5.0-jtm-wide fingers (w), separated by 5.0-jan gaps (gap).
and thecollector electrodes. Microscopiccounteriondisplacement Except for the ringer area the electrodes were coated with the
and dependence of the local polymer fluidity on oxidation state"9 photoresist. For quality control, cyclic voltammograms for 2.0
may distort the linearity. Simulations by Fritsch-Faules and mM ferrocenecarboxylic acid were obtained at a 5.0 mV/s scan
Faulkner9 and Goss and Majda" suggest nonlinearity. Fritsch- rate. The voltammogram shape, the steady-state current, and
Faules and Faulkner,20 who experimentally observed linear the collection efficiency were as predicted by theory.23

concentration profiles in quaternized poly(4-vinylpyridine), i.e., After the test, IDA electrodes were prepared by pipetting
a poly(4-vinylpyridinium) matrix with dissolved Fe(CN)6--/4-, premixed solutions of 20 jsL of POs-EA (5.0 mg/mL) and 2.5
on individually addressable electrodes in microelectrode arrays, uL of PEGDE (2.0 mg/mL) onto both the finger and the internal
explained the linearity by diffusion of Fe(CN) 63-/4- through the gap areas and allowing the water to evaporate at room temper-
contacting solution. Diffusion of Fe(CN) 6

3-/4- in the polymer ature. The electrodes were then left to cure in air at ambient
itself could not account for the linearity observed.2° Here we temperature for 24 h.
shall not attempt to account for actual or possible nonlinearity Three experiments were performed on the POs-EA/PEGDE
in the concentration profile. Rather we consider the D. values coated IDA electrodes (Scheme I). In the generator--collector
that we derive as an average for the concentrations of reduced experiments (Scheme IA), cyclic voltammograms were obtained
or oxidized centers between the generator and collector electrodes. by scanning the potential of the generator from 0.0 (SCE) to 0.6
These are likely to differ at different points. For this average V (SCE) at various scan rates, while maintaining the potential
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Feg 1. Scan rate dependence of the cyclic voltammtograins for POs-
EA cross-linked with 5.0 wt % PEGDE coated on IDA electrodes, at an
[Os(bpy) 2vpyCll*/2 site coverage of r - 9.60 X 10-9 mol cm-2 in 20
mM phosphate buffer atpH 2-89containing0.l1 M NaCI Generator- -0. 0.1 0.3 0.5 0.7 -0.1 0.1 0 .3 0.5 0.7

collector (solid line), generator-generator (dotted line) voltaininograms (A) Potential, V vs SCE (B) Potental,4 V vs SCE
are shown for (A), 5.0; (B), 2.0; (C). 1.0 mV srI scan rates. rug.. 2. Ionic strength dependence of cyclic vohtammograms for POs-

EA cross-linked with 5.0 wt % PEGDE coated on IDA electrodes, at an
of the collector at 0.0 V (SCE). In the generator-generator [Os(bpy)2vpyCl]*/24 ' site coverage of r - 1.93 X 10-4 mol cm-2 in 20
experiments (Scheme IB), the voltammograms were obtained by rnM phosphate buffer at pH 7.0 and at 1.0OmV s-' scan rate. Generator-
scanning the potentials of both IDA elcroe from 0.0 V (SCE) colector (solid line). generator-open circuit (dashed line), generator-

(SCE atvarousscanrats. n te geeraor-pen generator (dotted line) voltamimogramns are shown for (A), 0.1 M; (B),to 0.6 V (SE tvrossa ae.I h eeao-pn 1.0 M NaCI.
circuit experiment (Scheme IC), the voltammogram was obtained
by scanning the potential of the generator from 0.0 V (SCE) to at the applicable scan rates and the hysteresis decrased when
0.6 V (SCE), while the other IDA eleoctrode was dicnetd the scan rate was slower. The results show the existence of a

steady-state Osu+/"'+ concentration profile between the generator
Results sai Discussion and the collector electrodes and establish that charge transport

through the POs-EA polymer limits the current. The steady-
Electroac-heca Deloawi. Figure I shows the cyclic volta- state current is expected, however, to be affected by microscopic

mmogranis for POs-EA, cross-linked with 5.0 wt% PEGDE., at counterion displacement's and to be slightly in excess of the
various scan rates. Thevoltammogramsofthegeneratr-collecto electron diffusion current. According to Savhant's theory,'$ the
experiments; are shown as solid lines and those of the generator- value of the correction factor w, is 1. 114 for [Os(bpy)2vpyCilPP42
generator experiments are represented by dotted lines. The and a monovalent counterion, such as Cl- or C104% However,
voltammograms of the generator-generator experiments (dotted the theory assumes that the only mobile ion in the film is the
line) exhibited veil-defined surface waves at both IDA electrodes. counterion and that the electroneutrality of the film is maintained
The waves were almost symmetrical and the peak currents were only by the counterion. 1This assumption is valid only for perfect
nearly proportional to the scan rate. Cyclic voltammetry Donnan exclusion of ions; from the film. In a well-hydrated open-
confirmed that the [Os(bpyh2vpyCl]+ centers were completely network redox hydrogel, the supporting electroyte permeates
oxidized both on the fingers and in the internal gaps. The charge the film and allows the concentrations of the ions in the bulk of
(Q) of the POs-EA polymer coated IDA electrodes was calculated the solution and the hydrogel to approach each other. Thus, in
by integrating the currents of the voltammograms of the swollen hydrogels microscopic counterion transport should affect
generator-generator experiments which equalled 9.26 puC and the current less than predicted by Sav6ant's theory, and that w
corresponded to an (Os(bpy)2vpyClJ4,/2 coverage of 9.60 X 10-9 in eq I should approach 1.0. For w= 1, the calculated value of
mol cmr-2 at all scan rates. D is 1.6 X 10-8 cm2 s-1 at pH 2.89. As pointed out earlier, we

The voltammograms of the generator-collector experiments do not account for spatial nonlinearityof the concentration profile
(solid lines) show that a steady-state current was reached at 0.6 of Osul"'+ caused by the variation in polymer fluidity with the
V (SCE). The generator voltammograms differed from those of oxidation state of the redox cepters in the gape between the
the collector in that the collector voltammograms were sigmoidal microanodes and microcathodes,"9 and the calculated D. value
atall ofthe scan rate. Theshapesofthegeneratorvoltammograms represents on average for the polymer between the generator and
changed with the scan rate, while the generator current equalled, the collector.
at a given potential, the sum of the collector current of the Effect of the louse Strength sad the Amiamic Species a. A
generator-collector experiment and the current of the generator- The voltammograms of Figure 2 show that D, depends strongly
generator experiment. Thus, when the peak current in the on ionic strength. When the concentration of NaCl was raised
generator-.generator experiment reached a substantial fraction from 0.1 to 1.0 M, Q remained constant but Is decreased.
of the steady-stte current, the generator voltammogram of the Moreover, in the generator-open circuit experiment (dashed line),
generator-collector experiments also showed a peak (Figure a shoulder, indicating lateral electiundiffsimon between the fingers
1A,). However, when the peak current of the generator- (Scheme IC) was seen. This shoulder is a consequence of the
generator experiment was small relative tothe steady-state current, distance between two fingers (15 Aim) being much larger than the
thegenerator voltamneogram had a sigmoidal shape (Figure IC). film thickness. While the shoulder was sharp in 0. 1 M NaCl, a
The steady-state current was that expecte for [Os(bpy)2vpyCl] diffusional tail was observed in 1.0 M NaCI. D. decreased
oxidation at the generator, transport of electrons through the logarithmically with the NaCl concentration above 0. 1 M NaCI
redox polymer and rereduction of [Os(bpy)2vpyCl] 24 sites at the (Figure 3A). Below 0. 1 M NaCl, where the ionic strength was
collector. The anodic limiting currentwasidentical tothecathodic controlled by the 20 mM phosphate concentration and not by the
one, and the limiting current was independent of scan rate. The NaCl concentration, D. was constant. Earlier results obtained

observed hysteresis between forward and backward potential by transient methods suggested that D. slightly increase with
swe•p at the collector electrode was caused by the insufficiency ionic strength at a constant density of redox sites in fiPms- The
of time for establishment of steady-state concwntration profiles effective density of redox sites would, however, change if the
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' 02Figme 4. Anion dependence of the cyclic voltammogram at the collector
0o.28 electrode for POs-EA cross-linked with 5.0 wt % PEGDE, at an

- [Os(bpy)2vpyClJ+/2+ site coverage of r = 4.01 X 10-9 mol cm-2 in 20
1- 0.27 0 mM phoshate buffer at pH 7.0 and at 2.0 mV s-1 scan rate. Generator-

s collector (solid line) and generator-generator (dotted line) voltammograms
a are shown for (A), 0.1 M NaCL; (B), 0.1 M NaClO4.
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Fqpm 3. Effect of the ionic strength on the electron diffusion coefficient
(A) and the half-wave potential of the POs-EA polymer (B). The
conditions are the same as in Figure 2.

change in ionic strength greatly perturbs the microscopic routes
of electron transfer, e.g., by changing the local dielectric constant
of spaces between colliding cationic chains segments and thus the
electrostaticrepulsion between these. Since steady-statevoltam- .... .3 .. C.. ., 0.. 0.. 0.7 .. ... 0.1 3 0.....

metry using IDA electrodes defines apparent average De values (A) P"MM. V ,, saCt i) FM11,. V VC s M () GO v ,SE

for the actual system, without adjustment for redox site con- Figre 5. pH dependence of the cyclic voltammograms at the collector
centrations, the variation in the effective density of redox sites forPOs-EAcross-linkedwith 5.0wt%PEGDE,at an [Os(bpy)2vpyCll+/2+
is intrinscally accounted for. Furthermore, the macroscopic ion site coverage of r = 4.35 X 10-9 mol cm-2, in 20 mM phosphate buffer
migration effects that cannot be ignored at low ionic strengths containing 0.1 M NaCl, and at 2.0mV s-' scan rate. Generator-collector

in the transient measurements does not affect the steady-state (solid line), generator-generator (dotted line) voltammograms are shownin te tansentmeauremntsdoe no afect he teay-sate for pH (A), 2.0-, (B), 4.0; (C), 7.0.
measurements, where there is no net movement of ions into or

out of the films. The observed decrease of D. with increasing however, the nature of the polymer, because hydrophobic
ionic strength may be caused by association between (Os(bpy)- interactions are enhanced by the perchlorate anion. Oh and
vpyCl]+/2+ centers and chloride counterions. For Nafion films Faulkner$ reported that the water content in a redox polymer
with only electrostatically bound Os(bpy) 3

2+13+ ion, Anson and film with perchlorate was reduced relative to that with chloride.
Sav6ant 2' suggested a model involving, at high ionic strengths, Upon replacement of Cl- by C1O4- the half-wave potential of
charge propagation bydissociation of ion pairs, electron transfer, POs-EA in 0.1 M perchlorate was shifted cathodically by 40 mV
andassociationofpairs. This model is applicable for low dielectric to 0.245 V (SCE). This shift resulted from a change in the
constant domains in the interior of Nafion. Association of ions equilibrium constant for pairing of [Os(bpy) 2vpyCl1]/2+ cation
in POs-EA is uncertain, but is suggested by the fact that the and the anion or from a related change in the solubility of the
polymer is soluble in 0.1 M NaCI yet precipitates from 1.0 M oxidized redox polymer.2*-Z.2 In the CIO,- system ion pairing
NaCI. Association of ions would explain the decrease by 20 is enhanced, causing POs-EA, which is soluble in 0.1 M NaCI,
mV/decade in the apparent half-wave potential of Osn+/m+ upon to precipitate in 0.1 M NaCIO,.
increasing the NaCI concentration (Figure 3B).2ta4 A 59 mV/ Dependeace of D, on pH. Figure 5 shows the pH dependence
decade slope was measured by Anson et al. and was explained of the cyclic voltammograms for the collector. The steady-state
as resulting from Donnan exclusion.25 Because the swollen cross- current decreased with increasing pH, while the total charge
linked POs-EA hydrogel is more easily permeated by both anions remained constant. The dependence of D. on pH for POs-EA
and cations than Anson's ion-exchange resins, that were designed cross-linked with 5.0 wt % PEGDE is shown in Figure 6. D.
to exclude either anions or cations, these Donnan exclusions were increased from 4.5 X 10-' to 1.6 X 10 cm2 S- when the pH was
incomplete at best in our hydrogel. lowered from 7.0 to the pK, of pyridine.2t The protonated and

Figure 4 shows the cyclic voltammograms at the IDA collector positively charged gel visibly expanded. Although the expansion
electrodes at 0.1 M NaC! (A) and 0.1 M NaCIO 4 (B). When decreased the concentration of the Os sites, segmental motion of
the hydrated chloride anion was replaced by the hydrophobic the polymer was facilitated and D. increased.
perchlorate anion that is not hydrated,Tothe peak current decreased The voltammograms in the generator-generator experiments
and a diffusional tail appeared in the generator-generator (Figure5, dotted lines) also changed with pH. The peak currents
experiment. In the generator-collector experiment the steady- increased with pH and the peaks' width at half-height narrowed
state current decreases. Both indicate sluggish electron trans- with increasing pH. The values of the peak currents and the
port.70-', Because the Stokes radius of the chloride anion is peak widths at half-height are summarized in Table I. At pH
almost identical with that of perchlorate anion, 2' the polymer 2.0 the peak currentand the peakwidth in the anodic voltammetric
structure need not be changed for geometrical considerations wave were identical with their theoretical values.2' However,
upon substitution of the anions. Therefore, the distance between the anodic peak current and the peak width deviated from their
the Os

2+/3+ sites should be the same with either chloride or theoretical values at high pH. This deviation is explained by
perchlorate as the counterion in the polymer. The anion changes, interaction between the redox species, as observed earlier in other
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Amperometric biosensors based on three-dimensional hydrogel-
forming epoxy networks

Adam Heller, Ruben Maidan and DanLi Wang
Department of Chemical Engineering The University of Texas at Austin, Austin, TX 78712-1062 (USA)

1. Introduction with electron relays that are attached through tethers
to terminal amines. The Schiff bases can then be reduced

Proteins and glycoproteins of enzymes behave with with sodium borohydride to form hydrolytically stable
respect to electron transport, but not ion transport, as secondary amines. Investigation of tethered ferrocenes
good electrical insulators. We have shown that these as relays shows that efficient electron relaying requires
insulators can be made sufficiently electron conducting sufficiently long tethers for the relay to reach the
to allow the flow of a current between reaction centers midpoint between the reactive centre of the redox
of redox enzymes and electrodes equaling or exceeding enzyme and its periphery. When the tethers are too
the current associated with the turnover of the enzymes. short electron relaying is inefficient; and after a certain
In order for such a current to flow it is necessary to length, further lengthening of the tether does not
introduce into the enzyme proteins or glycoproteins improve the electron-relaying efficiency. For glucose
fast electron-relaying centers, so as to reduce the elec- oxidase the required tether has 11-13 carbon atoms
tron transfer distances [1, 2]. or carbon and nitrogen atoms [6].

2. Methods of introducing fast electron relays into 23. Electron relaying through water-soluble redox

enzymes macromolecules. Electron transport in enzymes: redox
polymer conjugates

There are three ways by which fast electron relays Interaction between water-soluble biomolecules is

can be introduced into an enzyme: (a) covalent bonding common in nature forming the basis for immune re-

of relays to the enzyme's protein [3-5]; (b) covalent actions, DNA replication and recognition systems.

bonding through a sufficiently long and flexible tether Water-dissolved enzyme molecules can be designed to

to a peripheral oligosaccharide of a glycoprotein enzyme cuple to appropriately designed water-soluble redox

[6]; (c) forming complexes between enzyme proteins macromolecules. The binding may involve hydrophobic,
and redox macromolecules [1, 71. ionic or hydrogen bonding interactions. The redox

molecule and the enzyme protein interpenetrate in the

21. Covalent attachment of electron relays to enzyme coupling reaction. As a result, redox centers of the

proteins enzymes are brought into electrical contact with those

Relays can be attached to lysine amines of enzyme of the electron-relaying redox macromolecules 11, 7].

proteins through carbodiimide coupling with carboxylic The enzyme-complexing redox macromolecules

acid derivatives of relays [3, 4]. The resulting enzymes are polyelectrolytes with fast, nitrogen-complexed

can be directly and continuously electrooxidized if [Os(bpy)2 Cl]'1+ redox centers. The backbones can be
reduced by their substrates. The relay-modified enzymes based on poly(vinyl pyridine) or other polymers having
retain most of their activity and selectivity. For example, Os2 "+ • complexing functions. An example of such a

glucose oxidase can be chemically modified by covalent macromolecule is shown in Fig. 1.

attachment of 13 ± 2 electron-relaying ferrocenes to its
protein. The FADH 2 centers of the modified enzyme 2.4. Simple biosensors based on complexes of redox
are electrooxidizable in the absence of diffusional me- enzymes and redox macromolecules
diators. When an enzyme-binding redox macromolecule is

adsorbed on or attached to an electrode surface, it will
2.2. Covalent attachment of tethered electron relays to complex dissolved enzymes and electrically connect
oligosaccharides on the periphery of enzymes these (7]. Thus amperometric biosensors can be made

Periodate oxidation of surface oligosaccharides on in a process involving two adsorption and rinsing steps.
enzymes produces aldehydes. These form Schiff bases Such biosensors have a rise time shorter than 1 s.

0925,4005/93/$6.00 © 1993 - Elsevier Sequoia. All rights reserved
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flexible and well hydrated. With both the enzyme and
the redox polymer being water soluble, a hydrogel is

formed upon crosslinking. This hydrogel is not only
permeable to the substrate and the product of the
enzyme-catalyzed redox reaction, but also has an elec-
tron-transporting polymer network. Consequently, the

+1 :.Po substrate and product diffuse easily to and from the
H2 2" network-bound enzyme, while the network electrically

ICH2  connects the redox centers of the bound enzymes to
NH2  electrodes. The current densities and sensitivities of

the resulting biosensors are high: current densities in
n= 1, 4, p- 1.2 excess of 10-' A cm- 2 are observed and sensitivities

reach 0.1 A cm- 2 M-'.
Fig. 1. Example of an electron-relaying, enzyme-complexing redox
macromolecule.

3.2. Miniaturization of amperometric biosensors
A simple biosensor can be made by adsorbing a The enzymes in the redox epoxy hydrogels are well

polymer similar to that shown in Fig. 1, but with a 'wired', i.e., the electrons associated with their turnover
methyl group substituting for the ethylamine, on a are efficiently collected at the electrodes. In Faraday
carbon electrode, rinsing and complexing the enzyme cages we have observed the turnover of as few as 300
to transiently non-adsorbed segments of the electrode- enzyme molecules.
adsorbed redox macromolecule. For such complexing, In practical applications biosensors must, however,
the redox macromolecule must be long because a suf- function in an environment with electromagnetic noise.
ficient number of adsorbed segments is needed in order The noise equivalent currents in our laboratory are
to avoid desorption; yet most of its segments must be near 10-11 A. Thus, unless the biosensors are operated
'in solution', i.e., transiently desorbed, so as to complex in Faraday cages, the currents must exceed 10-10 A.
and penetrate the enzyme protein [1]. For this reason our practical microsensor tips are min-

iaturized to 7 ;Lm diameter, but not less. Electron
transport to these tips is radial and current densities
in excess of 3 mA cm- 2 are observed at high substrate

3. Crosslinked 3D electron-transporting enzyme (e.g. glucose) concentrations [11].
redox polymer networks: electrical 'wiring' of
enzymes

The enzyme redox polymer adducts of Section 2.4 4. Elimination of interferants
can be crosslinked if the polymer of Fig. 1 is an amine,
or if its segments are modified with carboxylic acid Biosensors are only imperfectly selective, because
functions. non-enzyme-catalyzed electrode reactions may also take

In the first case, the amines of the redox polymer place. Thus, on anodes poised positive of the redox
and of the enzyme can be crosslinked with a bi-functional potential of the enzyme-wiring, redox macromolecule
crosslinker, such as a diepoxide. In the second case biological fluid constituents such as urate, ascorbate
the carboxylic acids can be esterified to form reactive and acetaminophen may also be electrooxidized. Their
N-hydroxysuccinimides. The latter react with lysine electrooxidation currents add to and distort the true,
amines of the enzyme, the enzyme acting as a crosslinker substrate-associated current.
of the redox macromolecule [8]. To eliminate the electrooxidizable interferants we

use the very fact that they are easy to oxidize. Specifically,
3.1. Enzyme-wiring redox epoxy hydrogel networks the interferants are rapidly oxidized by hydrogen per-

The redox polyamines of Section 3 can be crosslinked oxide in the presence of horseradish peroxidase. Thus
with a water-soluble diepoxide, such as polyethylene ascorbate, urate, acetaminophen and other interferants
glycol diglycidyl ether, that does not complex either are quantitatively eliminated in immobilized horseradish
the enzyme or the redox macromolecule [9, 10]. This peroxidase overlayers on enzyme electrodes that are
is important because complexing of either component electrically insulated from the sensing layer. The fluid
can lead to the break up of the complex in which the reaching the sensing layer is stripped of all interferants,
enzyme is 'wired'. The polyethylene glycol diglycidyl while species detected such as lactate or glucose are
ethers used are of 400-600 daltons. Their chains are not oxidized [121.
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Hydrogen Peroxide and fl-Nicotinamide Adenine Dinucleotide
Sensing Amperometric Electrodes Based on Electrical
Connection of Horseradish Peroxidase Redox Centers to
Electrodes through a Three-Dimensional Electron Relaying
Polymer Network
Mark Vreeke, Ruben Maldan, and Adam Heller'

Department of Chemical Engineering and Materials Science and Engineering Center, The University of Texas at
Austin, Austin, Texas 78712-1062

Hydrogen peroxide lsaffcle dig electroreduced at an electrode particularly those of Mtiller,' Gorton,"1 and Kulys,lLiS
mnodild with a hydrphti, permeable film of h~orseradish developed electrodes on which. -action I proceeds rapidly at
poroxidase (NW) covalently bound to a 34dnoslona epoxy low overpotentials. The most successful electrodes, of which
network having polyvinyl pyridine (PVP)-complexod Gorton's phenoxazine-derivative and Kulys' phenazine-bssed
[0o(py)2f- 2 oft jsr m Theso yofttw ringhe electrodes are examples,"-' 6 utilize electrode-bound, elec-
HA cathode at 0.0 V (SCE) Is 1 A M4r W1. Its Current trode-adsorbed, or freely diffusing mediators having quinoid
2icreae iat vt Acnetainh h X 1-7- structures in their oxidized state. The quinoids effectively
X a0 - v rangearl Rwit d NAPconctathodn In te Ibasedon catalyze reaction 1 at potentials near 0.0 V (SUE).

X ~le m U rag.RltdH Hctof e we base on Here we consider a more complex but nevertheless very
orNDPh. ho redecti duUo hi olvestwo know n A fast and efficient set of coupled reactions for the amperometric

ore lk(t steT, e reductitnansfers two e kcnowns ade a Irtn assay of NAD(P)H. The frust is a homogeneous solution
theora ssotep qmAiold. trner tw~oelecttopscandy aodredon reaction, exemplified by (2), where, as in the electrode

phnzne oeerpeodzn n phanox zin de1-MS+ + NADH -~ PMSH + NAD+ (2)
a proton wre transferred from1 the reduced qudflold toO02. This reactions of Miller, Kulys, and Gorton, two electrons and a
reaction produces HAh and the o rthoba qualnold. Because th proton are transferred from NAD(P)H to a quinoid mediator.
two reactions wre qunitative, the senslitiiy and #he bwa A particularly effective mediator is the water-soluble 6-
range of the resulting NADH anW NADPH elcrdsw methyiphenazonium cation (PMS+) which is quantitatively
identical with tho"e ol the HA% olecirods, 1 A cin-2 W1 and reduced by NAD(P)H to 5-methylphenazine (PMSH). PMSH
1 X 10-72 X 10-4 M, repectively. is next reoxidized to PMS+ by dissolved molecular oxygen

which is, in turn, reduced to H202 (reaction 3). With reactions

MNTODUCTION PMSH + 02 + H+ PMS+ + H20 2  (3)

Selective electrcoxidation of NADH and NADPH cofactors 2 and 3 being quantitative, each mole of NAD(P)H produces
(reaction 1) of enzymes allow., in principle, amperoinetric 1 mot of H2 02. H20 2 is then assayed through electroreduction
assay of a substantial nubrn of biochemicals. When the on the "wired" peroxidase electrode (reaction 4). Several

NAD(P)H -NAD(P)+ + 26- + H+ (1) H20 2 + 2C + 2H -~ 2H 20 (4)

electrooxidation products are the cofactors NAD+ or NADP+, previously reported detection schemes for NADH and N~ A, -,
these can be enzymatically rereduced and electrocatalyrtic PH have utilized reactions 2 and 3, amperometrically sensing
enzyme electrodes can be made. The reversible potential of the depletion of oxygen17 .18 or spectrophotometrically mea-
the NADH/NAD couple is --0.56 V (SCE) at pH 7.1 Because, __________________

the reaction involves the concerted transfer of two electrons (7) Depend, C.; Miller, L. L. J. Am. Chem. Soc. 1980, 102,5728-a2
and a proton, it is usually slow, proceeding at practical rates (8) Kitani, A.; So. Y. H.; Miller, L. L. J. Am. Chem. Soc. 1981,103,
on most electrodes only at high overpotentials. At these high 766-1

(9) Fukui, MA.; Kitani, A.; Depeand, C.; Miller, L. L J. Am. Chem. Soc.
overpotentials reaction products of NADH and other con- 198 2,142-33.
stituents of biological fluids that are also electrooxidized (10) Lau, N. K.; Miller, L. L. J. Am. Chem. Soc. 1983,105,5271-M4.
interfere with the amperometric assays of NAD(P)H. 23  (11) Gorton, L.; Csoregi. E.; Domingues, E.; Emneus, J.; Jonuson-
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Table 1. Amperonietrie H^O Sensors Based on HEP-Modifled Electrodes
sensitivity linear

electrode mediator or electrode (A cm2 range
surface redox matrix potentiala M'l) (,AM) comments ref

glassy carbon none 0.0 10)-2 HRP covalently bound to a hydrophilic this work
epoxy network; polyvinylpyridine-derived
polyamine cross-linked with PEGDGE

glassy carbon polymer 1 0.0 1 0.1-100 HRP covalently bound to hydrophilic this work
epoxy network; polymer I crosalinked
with PEGDGE

spectrographic none, 0.05 0.175 0.1-500 BSA with glutaraldehyde cross-linkring 36
graphite

carbon paste o-phenylenediamine'd -0.15 NAb 3.1-200 butanone peroxide used as the substrate 37
Pt hexacysnoferrate (0.01 M)d --0.06 e 5-1700 HRP immobilized onto a Nylon net 38
NfP+T'CNQ- nond 0.06 0.168 HRP entrapped with dialysis membrane 39
Sn02 ferrocenecarboxylic acidd 0.2 0.04 0.01-1 HRP immobilized with glutaraldehyde 40
carbon patst ferrocene# 0.05 NAb 0.1-10 Nafion coating applied to the electrode 41

to prevent lose of mediator
graphite foil potassium -~0.02a 0.03 <600 electrolyte wus dioxane with 15% 42

hexacyanoferrats(ll)d aqueous buffer
carbon fiber' none h 40-5000 biotin/avidin complex used to obtain a 43

surface layer of HRP
Pt organic metal, potassium ferrocyanide i membrane with albumin and glutaraldehyde 4

or glassy carbon
spectrographic hexacyanoferrate(ll)d 0.0 e 0.1-1000 HRP immobilized on arylamino-derivatized 45

graphite or controlled-pore glses, packed into a flow-
carbon film through reactor

aminosilylated heXaCyanoferrate(l1)d 0.0 i glycerophosphate ozidase, HRP, and BSA 46
glassy carbon covalently crows-linked on the glassy

carbon surface
glassy carbon hexacyanoferrate(ll)d 0.0 i albumin, glutaraldehyde, HRP, and 47

oxidase (zanthine, uricase, glucose)
matrix held close to the electrode with
a dialysis membrane

gold or graphite several5  k 2.01 0.05-i' HRP free in solution 48

aPotential vs SCR. b Mlacroporous electrode. The true surface area is unknown. I Uncertainty as to whether the surface species created
during electrode pretreatment are mediating. 11 Freely diffusing mediator. 9 Flow system. I Probably mediated by the soluble component of
the organic metal or the reaction product of the organic metal. hicroelectrode. h Cyclic voltainetry used to provide selective detection of
oxygen generated by autocatalytic decomposition of hydrogen peroxide. iHRP incorporated into a bienzyme system. I Best reported result
for ferrocenemonocarboxylic acid. h mediators used and redox potentiah [Ru(NHs)spy)(C10403 =+28, CpFeC2B9Hii - -8.0, 1,1'-dimethyl-
3-(2-amiaoethyl)ferrocene -+75, (2-aminoethyl)ferrocene - +185, ferrocenemonocarboxylic acid - +275, (aminomethyl~errocene - +309
mV.

inuring the H1202 generated."921  We now add to these m ni 0
amperometric reduction of H202 on peroxidase, electrically
connected (wired) through a permeable 3-dimensional redox
polymer network to an electrode. Several horseradish per-
oxidase modified diffusionally mediated and mediatorlesa N N N,
type electrodes have been earlier described. Their charac- o--3CH,
teristics are compared with the wired HRP electrode in Table (bY2 C1 CH2
LII

NH2In the wired HRP electrodes electrons from the electrode Flpx 1. Conipoeton of toe oelc""o-rlaying redox polymer (m
are relayed to the enzyme through a redox: epoxy network to 1; n = 3.35; o = 0.6). After croes-Inkhng with PEGDGE. ft forms a
which the enzyme OWR) is covalently bound. The centers 3-dmenelorial network that Is able to relay electrons to covaWe*l
consistof [Os(bpy)2ClP3+/2+, coMpleXedtopolyvinylpyriCine. boWd IRP. The polymer Is raeferre to as polyme 1.
The HRP and the redox: polymer are cross-linked into a
3-dimensional epoxy network with awater-soluble diepoxide. 3, these cofactors are also detected at the same potential with
In earlier papers we showed that the resulting redox epoxy the same sensitivity.
accepts electrons from substrate-reduced enzymes, relaying
these to electrodes.22, Here we show that the network also EXPERIMENTAL SECTION
relays electrons in the reverse direction from the electrode to Reagents. Horseradish peroxidase (HRP) E.C. 1.11.1.7 (Sigma
a bound enzyme. Network-bound HRP is efficiently elec- P-8375 Type VI, 260 units/mg) was used. Poly(ethylene glycol
troreduced at 0.0 V (SCE), and 1H202 is detected with 1 A 600 diglycidyl ether), technical grade (PEGDGE) was purchased
cm2 M-1 sensitivity. Because NAD(P)H concentrations are from Polysciences (Catalog No. 8211). The osmium redox
stoichiometrically tranislated. to H202 through reactions 2 and polyamine (polymer 1, Figure 1) was synthesized as described

_____________________________ previously."~ NADH and NADPH were purchased from Sigma
(18) Huck, H.; Schelter-Graf, A.; Danzer, J.; Kirch, P.; Schmidt, H.-L. (340-110 and N-1630, respectively). 5-Methylphenazonium

Analyst 1964,109, 147-50. methyl sulfate was from Aldrich. Other mediators were from
(19) Williams, D,.C., III; Seitz, W. IL Anal. Chein. 1976, 48,1478-81. Aldrich or Sigma. All chemicals were used as received.
(20) Ews. Pat. Appi. EP 3170,70, 1989. Electrode Construction and Preparation. Rotating disk
(21) For. Pat. Appi. EP 286M9, 1988.lcrdswr aeoa1c. egho3m-imtrvteu
(22) Gregg, B. A.; Heller, A. 4. Phys. Chern. 1"1, 95,97&-80.eecrds reaof-cnegofmm ia trvro
(23) Pishko, M. V.; Katakis, L; Lindquist, 8.-&.; Heller, A. Mot. Cryst.

Liq. Cryat. It"6,190,221-49. (24) Gregg, B. A.; Heller, A. J. Phys. Chem. Mii 96, 6917U-6.
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Rjpw.2. Cyclcvoftawn'a~mofa vtyoucwtonelecbndsm.odfd PFpat . ElScotYdeas inFWgre2. but wah [Os(bpy)aCIP3+'2 + elsctrn-
wthetSd tbess ermed of polyakdsyd&-tI~Pand polymerI wfthoe rehyhg cutters (polymer 1) (1:5 enzyme to polymner I rafo) (A) no

[OajbPY201312 + electronrhyhg centers. edilioaly croes4rked flAO; (B) 0. 1 MM H2%O; (C) 0.5 mU l202. CondlOns for A and 0 are
wilth PEWM: (A) no HA. (B) 0. 1 mM IIOa. CWWorw- os:erated pH as hin Figure 2. For C tMe scan rate is 2.5 myV~ 2000 rpm.
7 physiolog~cal phoepate buffer (P9S) sokidon;, scant rate 2.5 mV a--,
500 rpml. 20

carbon rods from Atomergic Chemicals Corp. These were press- 15
fitted into one end of a Teflon sleeve. The oppoeite end of the
sleeve bad a preoa-fitted stainless steel rod threaded to match a
Pine rotator. Electrical contact between the vitreous carbon and 10
stainless steel rods was made with a silver epoxy Epo-tek H20E
from Epoxy Technology Inc. The electrodes were polished first
with 6-Mum then with 1-pim diamond suspension, followed by 0.3- c) 5
~m alumbin. The polishing compounds were from Buehler. After
each polishing step, the electrodes were sonicated 3-6 min in ~ 3 0
deionized water.

Enzyme Immobilization. HRP (2 mg) was dissolved in 100 _______5_____

AL of 0.1 M sodium bicarbonate solution. After the addition of -300 -150 0 150 300 450 600
50 5 L of 12 mg/mL sodium periodate, the enzyme solution was
incubated in the dark for 2.3 h. A 10 mg/mL solution of polymer Potetiivs VSBCE, mV

I was used to dilute aliquots of the enzyme solution to make Fp1mM 4. Poten hisdps ;ne of the sleedy..etale am"en density for
enzyme: polymer I solutions of various ratios (1:5, 1:10, 1:50, a vftrwOU carboni OIScI~dS locifd wilt PEGDGE-coes.Ihed lwt-
1:100). A1-pLloadingofenzyme: polymerl solution wasapplied polymner I at 1:5 ratdo. Condlton P98; 1000 rpm; 1 X I"- M Hs 5.
to the polished vitreous carbon surface. The electrodes were
allowed to partially dry for 5-15 min, after which, 1 jL of a 1 400
mg/mL solution of PEGDGE was applied. The electrodes were15
then cured in water-saturated air ait room temperature for >4 h. 11

Electrodes were also made by coimmobilizing the NaIO4  300
oxidized HRP with a polyamine that bad no redox centers. This 1:50
polysmine was obtained by reactin polyvinylpyridine (PVP)
(MW 60 000) with 2-bromoethylamine to form the pyridinium- 200110
N-ethylamine derivative. It is thus similar to polymer I but has
no [Os(bpy)Xa]lP/2* redox centers. The HEP was cross-linked
to the polyamine using PEGDGE through the above described 100
process-

Buffers, Electrodes, sand Electrochlsolcal Equipment.
The electrodes were operated at room temperature in modified0
Dulbecco's buffer (PBS) at pH 7.4. Unless otherwise indicated, 0.0 0. 1 0 .2 0.3 0.4 0.5 0.6
the solutionswere well aerated. Allmnediatorsolutionsweremade H20 coonrai,
daily and protected from light until used. Potentials were
referenced to asaturated calomel electrode from EG & G, Catalog FWf ee~nofd urrdrko h Aonodao
No. K0077. A platinum wire was used as the counter electrode. polymteoucr I I is.Ter aWrplyear Irais r hijG-oated. oncons
The chronoamperometric experiments were performed on an EG p. 0.0 I (s~m; h HRWoo y rpm. o ekxcte.Cn~o
"& G potentiostat/galvancatat, Model 173 and recorded on a Kipp D;00V(C)100rm
"& Zonen XY recorder Model BD91. The cyclic voltammograms place at potentials negative of 0.2 V (SCE). In 1 X 10-4 M
were run on an EG & G potentioetat,'galvanostat Modal 273A H202~ a ~- 1 sLA cm-2 plateau is reached near 0.1 V (SCH). In
and recorded on a PC with software developed in this lab. The the redox epoxy network formed by PEGDGE cross-linking
rotator used was a Pine Instruments AFMSRX with the ACMDI ofpolynierlI containing I Os(bpy)2Cl]34-/2 centers, the current
1906C shaft. density at 0.0 V (SCE) increases by 2 orders of magnitude to

RESULTS about 100 ILA CM 2- Furthermore, H1202 electroreduction is
observed already at +0.46 V (SCE) and the steady-state

H202 Sensing Electrodes. Electroreduction of H1202 is current plateaus at 4-0.3 V (SCE) (Figure 4).
obeerved on electrodes modified with HRP immobilized in The dependence of the catalytic H1202 electroreduction
the epoxy network formed of either the polyanmne without current density on the HRP~polymerl ratio inPEGDGE cross
[Os(bpy)2ClWS/ 2 + redox centers (Figure 2) or with [Os- linked films isseen in Figure 5. The current density is nearly
(bpy)20lP+/2+ redox centers (Figure 3). When there are no independent of the 1{RP:polymer ratio at low (<I X 10-4 K)
[0s(bpy) 2CIP3/2+ centers in the polymer, reduction takes 11202 concentration. At higher (>1I X 10-4 M) H1202 concen-



ANALYTICAL CHEMISTRY. VOL. 64. NO. 24, DECEMBER 15. 1992 $ 2667

200 1000

0OO

oo
100 00

Z .1 00

0t .011

010 20 30 40 s 60 .01 .1 1 10 100 1000
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ftureS. Dependence of the current density on the square root of Fipwel6. Dynamic range ofthe l:6HRPIpolyner I eecods. Setldy-
Vteangulnvi oyofPEGDE-croes-Sked 1:6 and 1:100 HRVIpolymw state measements were at 0.0 V (SCE) and 1000 rpm wilh PBS.
I electrodes. Conudllon: PSS; 0.0 V (SC); 0.1 mM 1H202.

30 0.997; slope 1 A cm-2 M 1 ). At 10-1 M H202 the "-95% rise
time is 2 mrin. At lower concentrations the rise times are

1:5 longer. Following an H2 %2 injection raising the concentration
from 0.0 to I x 10-7 M, the rise time is about 10 min. The

200 noise equivalent H 20 2 concentration is 3 nM; i.e. at 1 X 10-8
M HA2 the signal to noise ratio is 3. The background current,

1:100 measured after the electrode was allowed to stabilize for 30
min, is 70 nA cnm2 .

r 1 NAD(P)H Sensing Electrodes Derived of EIRP Wired9 to a 3-Dimensiomd Redox Polymer Network. The wired
J3 HRP electrodes are insensitive to NAD(P)H; i.e. the back-

0 pround current at 0.0 V (SCE) does not change when either

0.0 0.1 02 03 04 0.5 0.6 cofactor is added. However, if 1-methoxy-5-methylphen-
azonium methyl sulfate (I, cation), 5-methylphenazonium

H202 MM methyl sulfate (II, cation), Meldola's blue (IU, cation), Nile

Ftpw 7. Sbteay-state calbrati curve for PEODGE-croes-linked blue (IV, cation),toluidine blue O(V, cation), methylene blue
1:5and 1:100 HRP.Volpm I elecirodes in air (sod Acices)and nitrogen (VI, cation), thionine (VII), flavin mononucleotide (VIII),
(open crcles). Condflons: 0.0 V (SCE); PBS; 500 rpm. 4,5-dihydro-4,5-dioxo-lH-pyrrolo[2,3-flquinolUne-2,7,9-tricar-

boxylic acid (PQQ) (IX), or methylene violet (Bemnthesn)
tration the current density increases as the film becomes richer (X) is added, an NAD(P)H concentration dependent cathodic
in HRP up to a ratio of 1:5 (Figure 5); the current density current is observed. The structures of these heterocyclic
then decreases upon further increasing the enzyme content quinoids are shown in Figure 9. The relative effectiveness of
(not shown). The current densities of electrodes with 1:10 these mediators in the H2Orforming reaction is in the order
and 1:5 (HRP.-polymer b film ratios do not differ greatly. For of their listing, the phenazonium derivatives and Meldola's
electrodes with the 1:5 (HRP:polymer I) films the sensitivity blue being the most effective and flavin mononucleotide, PQQ,
in the (0-1) X 10-4 M H2 concentration range is 1 A cm-2  and methylene violet the least. Addition of any of the
M-t;i.e.thecurrentdensityatIX10-4MH 2O 2 is100 Acm2 . mediators at <1.0 phM concentration does not produce a
When the H 2 %3 concentration exceeds 0.25 mM, the current current response.
is time dependent and decays because of (slow) substrate The dependence of the steady-state current density on the
inhibition of HRP. Control electrodes, made with PEGDGE NADH concentration for aerated solutions containing 1.6 gaM
croe-linked films of polymer I without HRP show no 5-methylphenazonium methyl sulfate is seen in Figure 10.
measurable H2% response. The dependence is linear through the 1-100 #M NADH

Figure6shows Levich plots fc- 1:100and 1:5 (HRP:polymer concentration range and the slope, i.e. sensitivity, is I A cm7
2

I) electrodes in 1 X 10-' M H202. Linear dependence of the M-1 , similar to that for H20 2. Corresponding results for
current density on the square root of the angular velocity is NADPH are seen for the 1:5 electrode in Figure 11. The
observed only up to about 400 rpm. At higher angular linear range for NADPH is from 1 to 200 pbM, and the
velocities the currentdensites increase with the HRP content sensitivity is again I A cm-2 M-. The equilibration times for
of the films but are not proportional to the HRP content. At steady-state measurements depend on the concentration of
25 rpm increasing the HRP concentration from 1:100 to the mediator; a higher mediator concentration results in
1:5 increases the current density by only 30%. acceleration of the H 20% production. Typically, the 0-95%

The insensitivity of the electrodes to the partial pressure rise time of the current following an NADH injection was 5-7
of oxygen is seen in Figure 7. There is no measurable miin at 3.3 ;&M 5-methylphenazonium methyl sulfate con-
difference between the calibration curves of the 1:100 (HRP: centration.
polymer I) electrode in nitrogen-purged or air-saturated Asexpected fromireaction 3,electroreductioncurrentswere
solutios For the 1.5 (HRP:polymer 1) electrode there observed onlyinaerated oroxygenated solutions. Thecurrent
appears to be a marginal difference, with the readings in air did not increaese when O rather than air was bubbled through
exceeding those in nitrogen by lees than 2%. the solution. When the solutions were purged of oxygen by

The dynamic range of the 1:5 (HRP:polymer I) electrode bubbling with N 2, the current reversed; i.e. anelectrooxidation
is sen in Figure 8. The current density increases linearly current was observed in the PMSH (PMS+ and NADH)
withHA concentration overarange of3 ordersof magnitude containing solution. Electrooxidation of PMSH proceeded
from about 1 X 10-7 to I X 10-4 M (correlation coefficient onglassycarbon electrodes whether or notthese were modified

I m mlnln nm
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NADPH conlcentration1, pM
PFpawe11. Dependsnce at ie stead-sttate.lctrctayic recdcton
ctmen dinlilty on th NADPH concentration for the 1:5 electrode of

Will IR (VIII) FlWe 10. Conitions were as in F~g, 10. excep 00 thVe
H NXX>H H3C O N N 0 Smeiystlplhsnazonitin no" sulyl ete concentration was 4.7 jIM.

0 was checked. Control experiments with PMS+ (1 X 10-6 M)
show that the current in not changed when the electrode is

H ' C02Hoperated in the dark or with the above ambient irradiance.
N(X) It was also noted, however, that PMS+ measurably photo-

N decomposed even at low irradiance by the ambient light.
0 DISCUSSION

Flilim 9. Sitructwee of the mediatrs which awe able to catalyticel
cycle Vwough reactions 2 and 3. Note the central qaholda structwe HRP-Based Hydrogen Peroxide Sensing Eleetrodes.
stabihed by MWe adjacent aromtatic ring: cation of 1-rnelhoxy4- Table I compares H202 electrodes based on direct, diff-

metylgaet (I) ctinsof Nautole~y as oiue(!IItatlyisozn im 01io~- nally mediated, and redox polymer-relayed electroreduc-
(]V) cation of tokddue Wbe 0 (VY) cation of .wtrlne W (, Y. tion of HRP. Comparnscj of the electrodes shows that the
thio*ine (VII): flavin mnononucleotideil (VIIIY, 4,&-hydro-4.54oxo.. wiring of HRP to an electrode, i.e. its covalent binding to a
IHrolo[2,3-4a*ioi Z7,9**Iboxyladd(PQ )(IX)Qmethylne hydrophilic 3-dimennional electron-relaying redox network,
violet MGM""hse) (X). increases, sensitivity. In the absence of osmium-complex

too - relays the observed Sensitivity, 1 X 10-2 A cm-2 M1 , is 2 orders
000 of magnitude loer tanthat ntheiaresence (iues 2and

a actually contacting the electrode surface may be electrore-
a ~duced. These redox centers produce the redox wave in Figure

a2. In contrast, most HRP molecules in the filmsii, the thicknms
10 ofwhichis=10-4cm, are electrically accessible when electrons

arerelyedthrugh[O~bp)2C]3+2+ entrscomplexed to
9 0 1:5 the polyvinylpyridine backbone in polymer I. Electrooxi-

0 a :100 dation of HRP in the electron-relaying epoxy network starts
0 at +0.45 V, i~e. 0.18 V positive of the +0.27-V redox potential

0 of the [Os(bpy)2 CIl3 +/
2
+ centers. This implies that oxidized

HRP accepts electrons from the network even when the ratio
110 100 of the reduced to oxidized centers is only about 1:1000.

NADH conicentration, pM The optimal HRP~polymer I ratio in the film (Figure 5) is
Plrm 16L Diepeindene of MWe steady-state electrocatelti redution near 1:5. At higher enzyme content, the electron-relaying
cwrent density on ft NADII concentration for PEO0XE-croses4nked capacity of the films is diminished by the nonrelaying HRP
1:5 and 1:100 H~tFpohyme I Ulrn-moifedvitreoust carbon electrodes. in the network. The network, with an electron diffusion

Conditions:- 0.0 V (SCE), 1000 rpm, 1 .6 AIM 5-Xew~woiArri coefficient below 10-8 cm2 s-1,2adoes not transport or transfer
methl sjfae ~'8) 98.electronstothe bound enzme molecules fast enough to match

with HRP-Contgining films. Even minimal aeration of the their turnover rate at optimal (10-4 M) substrate concentra-
PMSH solutions reversed the current, but only on HRP- tion. Had the electron transport through the polymer been
modified electrodes. faster, still higher current densities might have been realized.

Light Effects. PMS4 solutions strongly absorb A < 8 That the electrodes are limited by the rate of electron transfer
mnm light. It has been reported that the mechanism of either through the network or from the network to the enzyme
reduction of heterocyclic quinoid dyes by NADH can involve is seen in the Levich plots of Figure 6. These show normal
their excited sitates?17 A2 Furthermore, the oxidant of the solution man transfer limited kinetics of the substrate,
NADH-reduced quinoid dye may notbe ground-state (triplet) characterized by linear dependence of the current density on
oxygen but excited (singlet) oxygen, formed through energy the square root of the angular velocity, only at low angular
transfer from the excited dye in its triplet state. Thus, as a velocities. At high angular velocities where the kinetics doess
precaution, the effect of 0.2 mW cm- 2 4100 K color temper- not depend linearly on substrate mass transport and depends
ature *cool-white" fluorescent on the rise time of the current only weakly on enzyme content, the characteristics are

________________________________ dominated by transport of either electrons or substrate
(25) Juiiard, K.; 1A Petit, J. Photochem. Photobiol. 1982,36,283-90. through the film. Previous work with glucose oxidase
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containing redox epoxy films suggests electron transfer or capable of oxidizing methylene blue and so a stoichiometric
transport limitation.24 production of hydrogen peroxide is not observed".' 7 The

Reduction of Heterocyclic Quinoids by Two Electron disparity probably results from the higher dye concentrations
Plus Proton Transfer from NAD(P)H. The earlier results employed by Schmidt et al. At a high dye concentration the
of Miller, Gorton, Kulys, and their colleagues2 3-31 show that rates of side reactions, particularly between the reduced dye
NAD(P)H is rapidly and cleanly oxidized to NAD(P)+ by and H 20 2, are increased. At the NAD(P)H and mediator
transferring two electrons plus a proton to any of a variety concentrations employed here we observe only the stoichi-
of dissolved or electrode-surface-bound quinoids, including ometric reaction 7. As is evident from reaction 3, the assay
native quinoids on oxidized graphite (reaction 5). 5-Meth-

quinoido. + NAD(P)H -- quinoidrd + NAD(P)+ (5) NAD(P)H + H+ + 02 - NAD(P)+ + H20 2  (7)

ylphenazonium derivatives and Meldola's blue and its de- requires that thesolutions be aerated. A decrease in 02 partial

rivatives are particularly fast two electron plus proton pressure will slow reaction 3. Nevertheless, even in this case

acceptors from NAD(P)H. The homogeneous bimolecular the ultimate steady-state current will not change, because

two electron proton transfer rate from NADH to PMS+ reaction 3 is irreversible. The high bimolecular rate constant

(reaction 2) is 3.8 x 102 M- 1 s-I at 25 OC. 32 (1.8 X 102 M-1 s-1) for PMSH oxidation by 02 usually ensures
Oxidation of PMSH by 02 (reaction 3), whereby PMS+ is a rapid reaction in air-exposed solutions. When the oxygen

recovered and H20 2 is produced, has a bimolecular homo- concentration is only 1/1oth of that in a well-aerated solution
geneous rate constant of 1.8 X 102 M-1 s-1 in water at 25 °C.32 (a typical value at 25 °C being 0.25 mM), the half-life of
Thus in an aqueous solution in equilibrium with air (=2.5 x PMSH is 154 s, assuming a pseudo-first-order reaction in
10-4 M 02), the oxidation of PMSH is rapid. Indeed, the PMSH.
related reaction of dihydrophenazine and 02 in an organic HRP-catalyzed reactions may cause severe interference by
solvent (reaction 6) has been considered as an industrial anumberofinterferants. H 202-oxidized HRP may bereduced
process for the production of H2 0 2 .33 by any of a number of hydrogen donors. Such reduction will

cause loss of catalytic current. Addition of 0.1rmM ascorbate,
HI a common component of biological samples, will reduce the

+:I ÷ o+2 --- o' C N"N + A cathodic current by over 50%. Current will also be lost if
N N NAD(P)H directly reduces H20roxidized HRP. This reac-
N tion is actually observed in our experiments as a dip in the

The rates of reactions 2 and 3 and H20 2 diffusion may all current from the electrodes when NAD(P)H is initially

slow the response, i.e. rise time, of the NAD(P)H sensor. At injected into a solution witha substantial H 20 2 concentration

low NADH concentration (0.1 WM) the calculated rate from already present. Once the NAD(P)H reacts to form H20 2

reaction 2 and inherent diffusion-controlled transport of H 20 2  and NAD(P)+, the current recovers. The ultimate curren. 's

are limiting factors of the electrode's kinetics. At higher not lowered, because reactions occurring at the electrodt

NADH concentration (100 iMf) and at low PMS1 concen- surface do not change the bulk solution concentrations, the

trations (1.6 uM) reaction 3 limits the electrode's response. bulk H 20 2 concentration being reached through the homo-

The calculated H 20 2 formation rates through reaction 3 and geneous solution reactions 2 and 3. Beyond organic hydrogen

experimental sensor rise times are of the same order of donors, H 20 2 itself is oxidized by HRP to 02 and water.34

magnitude. Fortunately, the latter reaction is not fast.

The variation of current with concentration, and the 1 A
cm-2 M-1 sensitivity, for NADH (Figure 10) and NADPH CONCLUSIONS
(Figure 11) through their 1 X 10-7 to 2 X 10-4 M concentration
range are identical to those of H20 2 (Figure 8). We infer In contrast with redox centers of flavoprotein enzymes like
from the identical sensitivities and dynamic ranges that the glucose oxidase, that do not communicate directly with carbon

homogeneous two electron and proton transfer reactions electrodes on which the enzymes are adsorbed, redox centers
proceed either at or very close to unit current efficiency, i.e. of directly absorbed horseradish peroxidase do communicate
that NAD(P)H produces a stoichiometric amount of H20 2  electricallywithcarbonelectrodes.35A The maximum current
through reactions 2 and 3. The actual mechanism of H20 2
production involves more steps than represented by equations (34) Brill, A. S. Comprehensive Biochemistry; Elsevier. Amsterdam,
2 and 3. 1966; pp 447-79.

(35) Yaropolov, A. I.; Malovik, V.; Varfolomeev, S. D.; Berezin, 1. V.
Interferences. Schmidt et al. suggested that "Reduction Dokl. Akad. Nauk. USSR 1979, 249 (6), 1399-401.

of the oxygen proceeds by a complex sequence of reactions, (36) Joneson, G.; Gorton, L. Electroanalysis 1989, 1, 465-8.
producing among other intermediates the superoxide radical (37) Wang, J.; Frieha, B.; Naser, N.; Romero, E. G.; Wollenberger, U.;

Ozsoz, M.; Evans, 0. Anal. Chim. Acta 1991, 254, 81-8.
ion, which leads to hydrogen peroxide and this in turn is (38) Cosgrove, M.; Moody, G. J.; Thomas, J. D. R. Analyst 1988,113,

1811-5.
(26) Murray, R. W. In Electroanalytical Chemistry; Bard, A. J., Ed.; (39) Kulys, J. J.; Samalius, A. S.; Svirmickas, G.-J. S. FEBS Lett. 1980,

Marcel Dekker. New York; VoL 13, pp 191-238. 114, 7-10.
(27) Albery, W. J.; Bartlett, P. N.; Casm, A. E. G. Phil. Trans. R. Soc. (40) Tatauma, T.; Okawa, Y.; Watanabe, T. Anal. Chem. 1989, 61,

London B 1987, 316, 107-19. 2352-5.
(28) Albery, W. J.; Bartlett, P. N. J. Chem. Soc., Chem. Commun. (41) Sanchez, P. D.; Ordieres, A. J. M.; Garcia, A. C.; Blanco, P. T.

1984, 234-6. Electroanalysis 1991, 3, 281-5.
(29) Itoh, S.; Kinugawa, M.; Mita, N.; Ohshiro, Y. J. Chem. Soc., Chem. (42) Schubert, F.; Saini, S.; Turner, A. P. F. Anal. Chim. Acta 1"1,

Commun. 1989, 94-5. 245, 133-8.
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density does not exceed, however, in the absence of a 0 mV
diffusional mediator or of nondiffusing electron-relaying
centers, the current density associated with the turnover of NAD(P)H PMS H202 HRp 0s°3

the enzyme layer directly contacting the electrode surface. 2 2e-
Oxidized horseradish peroxidase molecules, that are remote
from the electrode surface, do not accept electrons from
electrodes unless the electrons are relayed through redox +O#
centers in the polymer. The current density is increased by NAD(P) PMS 0 1
2 orders of magnitude when the HRP molecules bound '2"R

throughout the thick film are connected to the electrode Figur 12. Cycles of the propoed NADH (and N cathds.
through its 3-dimensional electron-relaying network. The
sensitivity of the resulting amperometric H 20 2 sensor is 1 A Although the assay of these cofactors requires molecular
cM- 2 M-1 at 0.0 V (SCE), and its dynamic range is 1 X 10-7-2 oxygen, the electrodes are not excessively sensitive to vari-
X 10-4 M H20 2. ations in 02 partial pressure because the quinoid-catalyzed

Two electron plus proton transfer from NAD(P)H to NAD(P)H reactions with 02 are irreversible.
quinoids produces sioichiometric concentrations of H20 2.
With NADH and NAD(P)H stoichiometrically translated to ACKNOWLEDGMENT
H 20 2, their concentrations can be amperometrically assayed
at wired horseradish peroxidase cathodes poised at 0.0 V The work described was supported by the Office of Naval
(SCE) (Figure 12). The sensitivities and dynamic ranges of Research, by the National Science Foundation, and by the
these cathodes are identical with those of H 20 2 cathode, 1 A Welch Foundation.
cm-2 M-1 through the 1 X 10-6-10- M concentration range.
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L-a-Glycerophosphate and L-Lactate Electrodes Based on the
Electrochemical "Wiring" of Oxidases

loanis Katakis and Adam Heller*

The University of Texas at Austin, Department of Chemical Engineering, Austin, Texas 78712

The title electrodes were constructed by coknnobltklg the INTRODUCTION
respective FAD oxidams on sold electrode surfaces with a In contrast with low molecular weight polymers that dif-
poly(vlny pyrkhe) polymer which was N-derivatlzed with fusionally mediate electron transfer from the enzymes' active
bromothyladin• and Os(bpy)2C.2. The redox-polymer-en- center'- 3 to electrodes, high molecular weight polymers can
zyme hydrogoes wore cross41nod on the electrode sra be designed to complex with redox enzyme proteins and to
using poly(othylone glycol) diglycdl ether. As In the case nondiffusionally relay electrons from the enzyme redox centers
of glucose oxldam, the redox polymer acts m an electron to electrodes. In these complexes, the oxidized redox polymers
relaying "wire" transferring electrons dire,, ,' from the on- compete efficiently with oxygen in the oxidation of sub-
zyrnes FADM2 centers to the electrode. This transfer com- strate-reduced enzyme redox centers.4" The high molecular
pye wi the natural proess of rDoxMtlon of FADH2 by weight redox polymers connect the enzyme redox centers to
pet oxygenaTur valproceios of rehdeponse of tAhen b electrodes only when they (a) are adsorbed on the electrodes
molecular oxeitn. The v (aron or the response of theas and (b) have long nonabsorbed segments extended into the
electrodesth theam os (N2 or ar), p, andsolution that complex and penetrate enzyme proteins. These
concentration was detormln*d. The pH profile of the oleo- superficially contradictory requirements are met by making
trocatalytic current differs from hit of th activity of the free the molecular weight high enough so that even though most
staym, exhibitig a broader maxnnun, shifted to hWigr pH segments are most of the time unadsorbed, i.e. in solution,
values. The observed aensitivities and inear ranges are re- there is always a sufficient number of segments adsorbed to
spectively 2 X 10-2 A W-1 o 2 and 2.7 mU tor L-a-g•yce•o- make their simultaneous desorption statistically improbable.
phosphate, and 0.3 A M-I1 cn-2 and 0.2 mM for L4acate that In the special case of cross-linkable enzyme-complexing
may be compared to 2 X 10-2 A M-' crm-2 and 10 mM for polymers, three-dimensional, enzyme-incorporating hydro-
glucose. The 0-S0 % response tne for all lectrodes Is 1 s philic networks of molecular weights greatly exceeding those
or less. of either the constituent redox polymer or the enzyme can be

0003-270019210364-1008$03.00/0 © 1992 American C;emical Society
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formed on electrode surfaces. 7-11 reproducibility of the response of electrodes prepared from the
We show here that in addition to redox centers of glucose identical enzyme-polymer mixtures was ±10% or better, as ev-

oxidaseil also redox centers of glycerophosphate oxidase, and idenced by the scatter in both maximum current density at

lactate oxidase can be electrochemically connected to elec- saturating substrate concentration and the concentration at which

polymer-enzyme hydro- half the maximum current density was observed (-apparent K."
trodes through cross-linked redox or "half-saturation point").
philic epoxy networks and characterize the resulting glycerol Electrochemistry. The electrochemical experiments were
3-phosphate and lactate electrodes. performed with a Princeton Applied Research 173 potentiostat

and a 175 PAR universal programmer equipped with a Model 179
EXPERIMENTAL SECTION digital coulometer. Signals were recorded on an X-Y-Y' Kipp

Chemicals. L-a-Glycerol phosphate oxidase (GPO) (L-a- Zonnen recorder. The chronoamperometric and chronopoten-
glycerophosphate: oxygen oxidoreductase, EC 1.1.3.21), from tiometric experiments, as well as cyclic voltammetry at less than
Aerococcus uiridans, and lactate oxidase (LOX) (L-lactate: oxygen 1 mV/s were performed with the help of a 273 PAR potentiostat
oxidoreductase, former EC 1.1.3.2), from Pediococcus species, were interfaced to an IBM PC. Unless otherwise noted, a single-
purchased from Genencor Int (representatives of Toyo Jozo) and compartment water-jacketed 100-mL cell was used thermostated
were used without purification. Glucose oxidase (GOX) (D-glucose: at 21.8 _+ 0.2 0C, with an aqueous saturated calomel electrode as
oxygen oxidoreductase, EC 1.1.3.4), from Aspergiilus niger, and reference (SCE) and all potentials are reported with respect to
peroxidase (Donor: H202 oxidoreductase, EC 1.11.1.7), from this. A platinum wire encased in a heat-shrinkable sleeve with
horseradish, were purchased from Sigma (Catalog Nos. G-7141 a frit was used as the counter electrode.
and P-8250, respectively) and were also used without purification. Unless otherwise stated, the steady-state current was monitored
L-Lactic acid and DvL-a-glycerophosphate were also purchased from with the electrodes poised at 0.45 V, where the current no longer
Sigma. D-Glucose was purchased from J. T. Baker. All other varied with potential (the current plateau was reached at about
chemicals (phenol, o-dianisidine, 4-aminoantipyrine) were of 0.39 V). Concentrations of L-a-glycerophosphate were calculated
reagent grade or better and were purchased either from Sigma from the optical rotation of DL-a-glycerophosphate. For the GOX
or Aldrich. Water used was NANOpure, and the buffer most electrodes, concentrations of D-glucose are reported even though
commonly employed was 33 mM phosphate, 0.15 M NaCI at pH the enzyme only catalyzes the reaction of the D-el-glucose com-
7.15 (to be referred to as STD buffer). The redox polymer (linear prising about 60% of the total D-glucose concentration after
PVP of approximately 50 kDa N-derivatized with Os(bpy)2Cl, mutarotation is complete.
and bromoethylamine as reported earlier) had an approximate Assays. The activity of the enzymes was determined in all
equivalent MW per osmium center of 1510 as determined by cases at 22 : 1 *C. A series of experiments with a single enzyme
elemental analysis and UV spectrophotometry. 11 The diepoxide normally took about 3-4 days to complete. During this period,
used was poly(ethylene glycol) diglycidyl ether purchased from the native enzyme stored dissolved in pH 8.1 10 mM HEPES
Polysciences (Catalog No. 08210). buffer was periodically assayed for loss of activity under the

Electrodes. Modified electrodes were glassy-carbon disks, 3 storage conditions. Concentrations of enzyme solutions were
mm in diameter (V-10 grade vitreous carbon from Atomergic). determined from the extinction coefficients of bound FAD in GOX
The glassy-carbon rods were encased in Teflon cylinders with and GPO12-15 (21.6 and 11.3 mM- cm-1, respectively). For LOX
deaerated slow-setting epoxy (Armstrong), and the Teflon cylinder the manufacturer's specification for protein content was accepted.
was fitted on an AFMSRX rotator (Pine Instruments). However, after purification of the enzyme through HPLC, it was

All electrodes were treated by polishing on three grits of sand found that the specific activity and protein content increased
paper and then successively on four grades of alumina (20, 5, 1, 4-fold. For determining the total amount of protein, the Biorad
0.3 jm) with sonication and thorough washing with NANOpure microassay method was used.16

water between grades. Background scans for every electrode were The enzyme assays as well as the electrochemical measurements
taken at 1000, 500, and 100 mV s-1 in STD buffer to make sure were performed, unless otherwise stated, in STD buffer of pH
the voltammograms were featureless. The electrodes were sub- 7.15. The enzyme assays involved the peroxidase-catalyzed re-
sequently washed and stored in a desiccator until use. The average action of an oxidizable dye, o-dianisidine in the case of GOX,
capacitance of the GC electrodes in STD buffer was 29 ± 5 4-aminoantipyrine and phenol in the case of GPO, and 4-
jiF/cm-2. aminoantipyrine and NN-dimethylaniline in the case of LOX.

The modification procedure was similar to that reported ear- Absorbances were measured at 500 nm for the first and 565 nm
lier." Elecrodes were prepared either by depositing the com- for the later two, and the known extinction coefficients were used
ponents sequentially and mixing on the electrode surface, or (in for quantitation."? The 02-saturated total reaction volume was
the case of diffusion studies) from a common mix of enzyme, generally about 3 mL, and the dyes, substrate, and peroxidase
polymer, and cross-linker when reproducibility was important, were present in excess. The mean specific activities of the purified
The weight ratios of enzyme protein to nonenzymatic material enzymes used were 24 units mg-' for GPO and 108 units mg- 1 mg
(contaminants from the enzyme isolation process) to polymer were for LOX.
1:3:5 for LOX and 1.5:0.5:5 for GPO electrodes, so as to keep the
operation of the electrodes in the kinetically limited regime (see RESULTS AND DISCUSSION
Discussion) and/or to keep the observed current densities at Results. Figure 1 shows that lactate and glycerol 3-
saturating substrate concentrations similar for both types of phosphate, like glucose, are electrocatalytically oxidized at
electrodes. The mixtures contained 6% (per weight) of cross- electrodes coated with 3-dimensional redox polymer epoxy
linker. For a typical electrode a total of about 8 jg of material networks incorporating the respective oxidases. The two
yielding a geometric surface coverage of 130 jig cm-2 was applied

on the surface. The dry thickness of such electrodes was about electrodes were made with different enzyme:nonenzymatic

0.8 um as determined by profilometry and SEM. The electrodes material:polymer weight ratios, 1.5:0.5:5 for GPO and 1:3:5

were left to cure in a desiccator for 24 h under reduced pressure. for LOX, so as to make their current densities at high sub-
Before use they were washed by incubation in STD buffer for at strate concentrations-where these no longer affect the
least 8 h (in a 2-mL volume) under vigorous stirring. The solutions current-similar. The loading was 100-130 Ag cm-2 of the
in which the electrodes were washed were assayed for enzymatic enzyme-containing epoxy. The current densities of the re-
activity and protein content (see below). There was no effort made suiting electrodes, at high substrate concentrations, were
to optimize the immobilization procedure or the current efficiency within about 20%. This condition, achieved experimentally
or the competition with 02. Rather, the goal was to keep the by trial and error, represents a specific set of constituent ratios.
cross-linking conditions as constant and reproducible as possible. Comparison of electrodes made with different enzymes must
Because the GPO or LOX solutions even in 10 mM HEPES uatffer
at pH 8.1 are not particularly stable, an effort was made to test be based on electrodes with similar enzyme to polymer ratios

all the electrodes during the same 12-24-h period. This re- (because the protein is an insulator and electron transport is
quirement was particularly important for the enzymes (other than through the redox polymer) and also with similar current
glucose oxidase) that lost activity during the curing process. The densities, i.e. similar total enzymatic activity. Furthermore,
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R1pm . Cyclic voltarnmograms demonstrating the catalytic nature W

of the anodic currents and the "threshold" or breakpoint In scan rate cc
for the appearance of reductive waves. Scans: (a) 1 mV s-, in S"D
buffer (b) 1 mV s-1 after the Introduction of 10 times the helf-saturation U 1.0

point substrate concentration; (c) lowest scan rate value where re- OG
ductlon wave appears (GPO, 2 mV s-'; LOX, 5 mV s-1). Electrode 0 GPO
construction parameters: typical thIckness, 130 /g cm-2. All eec .

trodes had a 3-ram diameter and were rotated at the highest rotation >
rate for linear E-H plots. P 0.5

U
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Rpm2. Dependencesof te currenton substrateconcentration. The
Isr shws the fraction of the current remaining after the argon-/

purged f I air saturated as a function of 0 substrate con- /
centration expressed in mutiples of the apparent Km of the electrodes. 0.0.
Conditions: 130 pg cm-2 flim thicuness; STD buffer; electrodes rotated 2 4 6 8 10 12
at 3000 rpm. PH

Figwe 3. pH dependence of the activity of the native enzymes in
the immobilized enzyme activity should be low enough to solution (*) and of the response of the electrodes (0). Theelectrodes
make the electrodes operate through the widest possible range were rotated at 1000 rpm In argon-saturated solutions at saturating
of substrate concentrations with the turnover of the enzyme substrate concentrations.
being rate limiting.

The voltammograms in the absence of substrate showed Figure 3 shows the pH dependence of the currents under
20-25-mV peak to peak separation for either enzyme electrode. anaerobic conditions at high substrate concentrations, where
The slowest scan rate at which an Os-+ reduction wave became the current does not increase upon adding substrate. In-
observable in the presence of substrate was 2 mV sK- for GPO corporation of the enzyme in the redox epoxy network
and 5 mV s-1 for LOX. broadens the pH domains of maximum response and shifts

Figure 2 shows the current density as a function of substrate these domains to higher pH. These effects are observed and
concentration in argon and in air. Because the electrodes were are greatest in glucose oxidase, shown for comparison. In
designed for equal current density and not for optimal electron glucose electrodes the current remains within 20% of its
transfer via the network to the electrode, oxygen competed maximum over the entire pH 6.5-10.5 range, with the max-
effectively in the oxidation of the FADH2 centers of LOX. imum being at pH 7.5-9.0. In the case of LOX, the current

The pH dependence experiments were conducted in both is within 20% of its maximum over the pH 6.5-8.5 range, the
STD buffer and universal buffer (0.004 M each of sodium maximum being near pH 8; and in the case of GPO the flat
citrate, sodium barbitural, potassium phosphate, and boric region is at pH 7.5-8.5, peaking at about pH 8.2. The dis-
acid), with the pH being initially at 7.15 and then changed placement of the pH maxima versus those of the free enzymes
by the dropwise addition of 2 M HCl to about pH 4 and then is of 3 pH units for GOX, 1.5 units for LOX, and 0.5 units
to pH 10.5 with 2 M NaOH. The electrochemistry of the for GPO. These differences in pH dependence will be dis-
polymer in this pH range did not exhibit substantial differ- cussed later.
ences. However at the extremes of the pH scale, we did Figure 4 shows the temperature dependence of the currents.
observe changes in the peak separation and the height of the The experiments were conducted at high substrate concen-
peaks, which were reversible upon pH restoration. Above pH trations under argon. The Arrhenius current plots are rea-
11, irreversible lowering of peak currents, increase in peak sonably linear through the considered temperature range, and
separation (50-100 mV), and diffusional tailing were observed. the apparent activation energies are 59 kJ mol- for GPO and
"The changes in current between pH 4 and 10.5 were not totally 79 kJ mol-1 for LOX electrodes.
reversible in GPO and LUX electrodes but were reversible Modified Eadie-Hofstee-type plots for the stationary
for GOX electrodes up to pH 10.5. electrode, at 50 rpm rotation and at >3500 rpm, are shown
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Fgure 4. Temperature dependence of the current. Conditions: ro-
tation rate 2000 rpm; li thickness 2 0 Ag cm-2; STD buffer; saturating 03
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140 0 0 2LOX 4
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60 Fig.re 6. (a) Variation of the intercepts of the modified Eadle-Hofstee
40 plots with film thickness. The Intercepts were calculated from plots

similr to those In Figure 5 for each electrode. (b) Variation of toe slope
200 2 * of the Eadk -Hofstee plots (calculated similarly) with thickness.0 1

S200 400 600 800 the osmium content of the polymer. This indicates that almost
J/[L.Lactatel (uAIcm2 mM) all the polymer remains on the surface after immobilization.

For thicker films the discrepancy increased to about 20%
because of breakdown of the applicability of the methods, and
not the loss of polymer after immobilization.

100 Figure 6 shows the variation of the intercepts of the mod-
GPO ified Eadie-Hofstee plots as a function of the thickness of the

80 Y = 83.1 -1 .x RA2 = 0.962 enzyme-containing redox epoxy network. The electrodes again
are designed to have similar current densities at high substrate

S" 0 RPM concentrations where a small change in concentration does
E 60 not affect the current. The GPO and LOX electrodes Ea-

0 50 RPM die-Hofstee slopes are essentially independent of film thick-
40 * 3500 RPM ness, being about 2.5 mM for GPO and 0.18 mM for LOX.

-. •The variation of the intercepts, i.e. current densities at infinite
substrate concentrations with film thickness, is linear at least

20 * through the 0-100 &g cm-2 range for LOX-containing redox

epoxy networks and at least through the 0-200 jsg cm-2 for
0 "the GPO-containing ones.

0 10 20 30 40 50 60 GPO electrodes have a much shorter shelf life than GOX
J/[L-a-glycerophosphate] (uAIcm2 mM) electrodes. After 1 month storage at room temperature (--25

FIpm 5. Eadle-4ofstee plots at varying angular velocities. Conditions: °C), the electrodes retained only 10% of their activity, while
STD buffer; 21.7 0C; argon-saturated solution; ffim thickness 130,ug GOX electrodes, after an initial loss associated with curing
cm-2 . of the epoxy network, were stable. When catalase was coim-

mobilized on the electrode, no substantial improvement was
in Figure 5. The often reported linear dependence is observed observed. Though dry GPO is quite stable, we observed severe
in the GPO electrode almost regardless of rotation speed. In deactivation upon storage ; PH 8.1 HEPES buffer. Upon
the case of the LOX electrode the linearity is observed, 1 month storage of the T "trodes at room temperature
however, only at high rotation speed (>4500 rpm). (-25 *C), no current v -ied.

The film thickness was determined by integrating the area The response times •, electrodes were studied by
of the quasi-steady-state cyclic voltammogram for each measuring the response of the electrodes to steps in concen-
electrode and expressing the thickness as total amount of tration between 0 and 10 times the half-saturation point. The
material per square centimeter. The scan rate was I mV s-1  studies were done in a 10-mL cell with the electrode rotating
for electrodes up to 130 jg cm-2 and 0.1 mV s-i for thicker at different rotation rates under a N2 atmosphere. In all cases
films. A second method for determining film thickness in- the response times decreased with increasing electrode rotation
volved double-step chronocoulometry, which was useful up time, to our 4000 rpm limit, when they dropped to 1-2 s.
to 130 jig cm- 2. In the thinner films the results from such Thus, we were measuring the mixing time not the true re-
determinations were within 2% of the thicknesses calculated sponse time of the electrodes. (We define response time as
from the amount of polymer deposited on the film and the the time needed for the response to reach 90% of the satu-
data from elemental analysis and UV spectrophotometry for ration current.)
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Table I. GPO and LOX Electrode Characteristics defined as the ratio of the actual current density over the
current density that could be obtained under kinetic control,

GPO LOX j. = 2FLk2C EL, where F is the Faraday constant, L is the

half-saturation point (mM) 2.6 -0.3 0.16 ± 0.02 wet film thickness, and CE, is the total enzyme concentration
current density at -Kin" (pA cm-2) 45 * 0.5 60 1 0.3 in the film, K,, = k2/k 3, K. = (k2 + k-1 )/kl, a, is the partition
sensitivity (A M-1 cm-2) 0.02 * 0.002 0.3 * 0.01 coefficient of the substrate in the film, C, is the relay con-
half-saturation current/background 32 43 centration in the enzyme-polymer film, and C, is the substrate

current ratio concentration in the bulk solution.
% current loss at half-saturation in 8 ± 1 39 5 Equation 6 looks deceptively simple. This is so because our

ail4 inability to exactly describe the process has been hidden in
'Comparison between argon- and air-saturated solutions (0 and the effectiveness factor. Were we able to describe rigorously

0.2 mM (021, respectively), the coupled processes, n would be the solution of the differ-
ential equations describing the reactions of eqs 1-4. In this

The results summarizing the performance of the "typical" case q would depend on all the parameters in eq 6, on D, and
electrode as a sensor are depicted in Table I. on the diffusion coefficient of the substrate. 1 cannot assume

Discussion. In enzyme electrodes with 3-dimensional a closed-form solution unless simplifying assumptions, nega-
redox polymer networks complexing, binding, and electrically ting the very purpose of mathematically describing the process,
interconnecting the redox centers to electrodes, the following are made. When eq 6 is plotted in the usual Eadie-Hofstee
processes define the observed current: form ofj vsj/C, the plot is rarely a straight line. Unless there

h, k, is an unusual coincidence of parameter values, a linear plot
Eox + S t- ES - Er + P (1) is not obtained; i.e. nj # 1 unless the current is not limited

h~j by either substrate or electron diffusion. Such plots can be
E• + 2Re Eo. + 2R + 2H+ (2) used as a semiquantitative diagnostic test for the character-

R E, ization of immobilized enzymes in general.210 Experimentally,
Roxw + + one can distinguish between substrate diffusion limitations

+ R, + +and electron diffusion limitations by varying the electrode

S- Rrotation rate. Above some rotation rate, no external diffusion
Rr • Ro1  (4) limitation will prevail. In the absence of internal substrate

Equation 1 represents in combination with eq 2 the reaction diffusion limitation and of electron diffusion limitation, the
of the enzyme with the substrate (S) by a uni uni uni uni ping plots become linear at sufficiently high rotation rates. At this
pong mechanism, accepted for GPO and GOX.12,14 The ox- point, the current observed is the kinetic current (described
idized form of the enzyme (Eo,) forms the enzyme-substrate by eq 6 when Yj = 1). There are additional postulates in eq
complex (ES) having an equilibrium constant k-1/kI. The 6 which will be discussed.
complex dissociates with a rate constant k2 into the reduced Effectiveness of Electrical Communication via the
form of the enzyme (E) and product (P). At this stage, the 3-Dimensional Network. In designing the 3-dimensional
enzyme can be reoxidized by oxygen according to enzyme-containing redox polymer network, we seek to transfer

A0  electrons from the enzyme redox centers to the network and
Er + 02 ý E.," + H 20 2  through the network to the electrode, at rates exceeding the

Under anaerobic conditions, eq 2 describes the reoxidaL, maximum rate of electron transfer from the substrate to the
process adequately. The reduced enzyme is subsequently redox centers of the enzyme, i.e. the turnover number of the
oxidized by a sequence of two one-electron transfer steps. The enzyme. When the transfer of electrons from the substrate
electrons are transferred to the oxidized polymer bound relays to the network is fast enough to maintain a sufficiently high
(R,,), which are reduced with a rate constant k3. Finally, steady-state Os 2+:Os3+ ratio, i.e. to make the Nernst potential
electrons transfer through the redox polymer-enzyme network of the film reducing relative to the formal potential, only an
with an overall "electron diffusion coefficient" D, according oxidation current is observed in slow scan rate cyclic voltam-
to eq 3 which describes the succession of electron-transfer mograms. This oxidation current will be maintained until the
self-exchange reactions between neighboring redox sites (w, ratio Os2+:Osa+ decreases, because the rate of supply of
w + 1). D, may increase exponentially with the cube root of electrons to the network from the substrate through the en-
concentration of redox centers, if the electron propagation is zyme cannot match the rate of oxidation of the network on
a percolative, phonon-assisted tunneling process, or quad- the electrode. At this point, the Nernst potential of the
ratically (with the redox center's concentration), if the network will become sufficiently positive for a reduction
propagation involves chain segment collisions. The reoxidation current to appear at a reducing potential relative to the formal
of the relay at the electrode surface completing the second potential of the network. This situation will arise at or above
part of the catalytic cycle is fast. a scan rate related to the turnover rate of the enzyme and its

An effort has been made to model and simulate this set of relationship to the efficiency with which electrons are
equations and solve for the catalytic current. Saveant's has transferred from the enzyme to and through the network. As
solved the general case for a catalytic first-order reaction on seen in Figure Ic, for GPO this rate is 2 mV s-' and for LOX
a polymer film. Gough 1', and others2 -1 3 have tried in the it is 5 mV s-1. For glucose electrodes designed to exceed in
past to apply this analysis to enzyme electrodes. No analytical their enzyme activity (and current density) the LOX and GPO
solution can be obtained for the general case even when a ping electrodes, critical scan rates are of 20 mV s-1. For the same
pong mechanism is not involved. However, in order to sem- enzyme concentration in the film, the increasing critical scan
iquantitatively interpret the results, we postulate that after rates reflect the increasing turnover numbers for these en-
applying Aris'24 analysis to the problem at hand, one can write zymes and/or the increasing effectiveness of communication
for the catalytic current via the network.

qm, _ K,/I, j Under anaerobic conditions both the critical scan rate and

= + KroI/Crt 1 + Kroz/Cr C, (6) the current density reflect qualitatively the relative rates of
enzymatic turnover (process described by eq 1) and the ef-

where j is the curent density, 7 is an effectiveness factor, fectiveness of communication (process described by eqs 2 and

I l IimmiIlliF| liI0
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3). Under aerobic conditions, the current density and the not show this in the results, the slopes have been decreased
suppression of current relative to anaerobic conditions by 1 order of magnitude in both electrodes by increasing the
qualitatively reflect the effectiveness of communication rel- enzyme:polymer ratio. As expected, when the ratio was in-
ative to the rate of electron transfer from the enzyme to 02 creased, the Eadie-Hofstee plots became nonlinear even at
(process described by eq 5). As seen in Figure 2, 02 competes high electrode rotation rates. Evidently, either diffusional
more effectively for reduced LOX electrons than for reduced substrate transport or electron diffusion in the electrically
GPO electrons. This fact may signify a higher k 3 for the GPO insulating enzyme-enriched network and not the enzyme's
than for LOX and/or a higher ko for LOX than for GPO (refer turnover capacity now controlled the electrode kinetics.
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Glucose oxidase is covalently bound in a film of cross-linked, redox-conducting epoxy cement on the surface of electrodes.
The binding simultaneously immobilizes the enzyme and connects it electrically with the electrode. The effects of cross-linker
concentration, film thickness, enzyme concentration, temperature, and oxygen concentration on the Neady-mate dectrocatalytic
oxidation of glucose at the redox-epoxy enzyme electrodes are described. The catalytic *reaction layer* extends through
the entire film, even for films as thick as ca. 5 um. Tle limiting catalytic current density is a function of the enzyme concentration.
reaching a maximum near 35 wt % enzyme for films about I srn thick. In such films, the activation energy for the clectrocatalytic
reaction at high glucose concentration is 63 kJ/mol, and the apparent Michaelis constant monotonically decreases with increasing
enzyme concentration and increases with increasing oxygen concentration. These results arc explained by postulating that
in such -, I ;,m thick redox-epoxy enzyme films the rate-limiting kinetic step at high substrate concentration is related to
electron transfer away from the enzyme active site, a process involving flexing of the cross-linked redox chain segments.
This bottleneck may be attributed to the high activity of the enzyme and the small contact area between the redox polymer
and the enzyme-active site that is recessed inside the insulating protein shell of the enzyme.

latrodnem prepared as described previously1 ° except that a solution of glucose
The development of enzyme electrodes has reached a point of oxidase (GO) was added to the solution containing the redox

confluence with recent developments in the field of redox poly- polymer, POs-EA, and the diepoxide cross-linking agent, PEG.
mer-mediated electrocatalysis. Enzymes have been immobilized For example, 5 uL of a 2 mg/mL solution of GO (in 10 mM
in redox polymer films to provide simple and sensitive ampero- HEPES, pH 8.2) was added to a mixture of 10 0jL of a 4 mg/mL
metric biosensors, which no longer require the presence of mem- solution of POs-EA (in the same buffer) and 2 i#L of a 2.3 mg/mL
branes to contain the enzymes." Concurrently, the theoretical solution of PEG (polyethylene glycol diglycidyl ether) in water.
and experimental characterization of discrete catalytic species A 2-I&L portion of the resulting mixture was applied to a vitre-
dispersed in redox polymers has progressed." It was recognized ous-carbon-disk electrode and allowed to dry and set at 37.5 *C
that some of the characteristics of redox polymers that are de- for 48 h. The electrodes were then rinsed in H20 for 10 min to
sirable in electrocatalytic films, such as chemical inertness and remove salts and unreacted species and then dried at 37.50 for
rapid electron self-exchange rates, are not necessarily compatible one more hour before use. The resulting films were assumed to
with catalytic properties that may require the adsorption of spees, contain the same relative amounts of the three components as did
the accessibility of multiple oxidation states, or the ability to the solution, i.e. in this example, 18.3 wt % GO, 8.4 wt % PEG,
transfer both protons and electrons. Thus, a number of groups and 73.3 wt % POs-EA. Solutions with a ratio of GO/POs-EA
have envisioned the dispersion of discrete catalysts in redox f I or greater tended to precipitate. Even though they were used
polymer to separate and independently optimize the two functions immediately they still resulted in less uniform electrodes than those
of catalysis and charge transfer to the electrode, from the more dilute solutions. If allowed to go to completion,

We recently reported the immobilization of glucose oxidase in such precipitation removed all color from the solution; i.e., the
cross-linked redox polymers and their application as biosensors.' precipitate contained all GO and POs-EA.
The preceding paper in this seriest° reported an improved system Unless otherwise noted, all experiments were carried out in a
for the immobilization of oxidoreductases in redox polymers and water-jacketed, single-ompartment electrochemical cell containing
described the electrochemical characterization of the pure redox 100 mL of the standard buffer solution at an electrode rotation
polymer (poly(vinylpyridine) containing complexed (bpy)2OsCl rate of 1000 rpm. Potentials are reported against the aqueous
groups and partially quaternized with bromoethylamine, abbre- saturated calomel electrode (SCE).
viated POs-EA). This paper examines the effects of varying
cross-linker concentration, film thickness, enzyme concentration, Results an Disenmaon
temperature, and oxygen concentration on the steady-state elec- Glucose Oxdise Comtahdn, Cross-Linked Redox Polymer
trochemical response of these glucose oxidase containing redox Fl•ms, GO/POa-EA/PEG. The immobilization of enzymes in
polymer films. The apparent Michaelis constant and the maxi- inert polymers his been a subjet of extensive resrch.12
mum catalytic current density depend on a number of these
variables. One goal of this work is to develop an understanding
of the kinetic step(s) that limit(s) the steady-state catalytic current (1) Foulds, N. C.; Lowe, C. R. And. Chum. 196, 60,2473-2478.
in such enzyme electrodes. (2) Hale, P. D.; Inasaki, T.; Karan, H. I.; Okamoto, Y.; Skotheim. T. A.

J. Am. Chem. Soc. 199, 111, 3482-3484.
EIPebaed Section (3) Pishko, M. V.; Katakis, I.; Lindquist, S.-L; Ye, L, Ore" B. A.;

Chlabd. Glucose oxidase (EC 1.1.3.4) from Aspergilus niger Heller, A. Angw. Chem., lha. Ed. Engl. 19a , 29,82-84.
(Sigma, catalog no. G-8135), catalase (EC 1.11.1.6) (Sigma, (4) Greq. B. A.; Heller, A. Amil. Chem. 199, 62,258-263.

oaln o. C-100) and Na-HEPES (sodium 4-.(2-.hydroxy-. (5) Holer. A. Ace. Chem. Rea. 1I9, 23, 128-134.catalog no. C0(6) Albery, W. J.; Bartlett, P. N. J. Eluctromn/. Chem. 1962, I31,
ethyl)-l-piperazineethanesulfonate) (Aldrich) were used as re- 137-144.
ceived. All experiments were performed in aqueous solution (7) Buttry, D. A.; Amon, F. C. J. Am. Chem. Soc. t•9K 106, 59-64.
containing 100 mM NaCl and 20 mM phosphate at pH 7.1. (8) AnmU, F. C.; Ni, C.-L.; Savcant, J.-M. J. Am• C7,m. So. 1W $,107,

3442-3450.Electrodes. Vitreous carbon rotating-disk electrodes (3 mm (9) Lyons, M. E. G.; McCormack, D. L.; Bartlett, P. N. J. Ek mnui.
diameter) were employed for this study. Electrode films were Chum. 1969, 261, S1-59.

(10) Greg, B. A.; Heller. A. Preceding paper in this journl.
tPresent addresg Solar Energy Research Institute, 1617 Cale Blvd., (11) Methods in EncymologV, Mosbach, K., Ed.; Academic Preoss New

Golden, CO 30401-3393. York, 1987.
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Cyclic voltammograms ofa typical film of GO/PC+-EA/PEG
in the standard buffer solution are shown in Figure 1. This film
contained 36 wt % GO and 5 wt % PEG, while the surface cov.
crap of electroactive ounium centers was r - 3.2 x 10" mia/cm.
The voltammogram at I mV/s and in the absence of glucose
exhibits an almost symmetric wave (peak spltting. AE - 10 mV)
indicative of a reversible, surface-bound couple. At 5mV/s, the
peak splitting is substantially increased (AE - 25 mV) and a
tailing of the wave indicates the onset of a diffusional process.a
Thus, the GO-containing films exhibit slower charge-transfer
kinetics than the pure redox polymer fdms.' 0

Addition of glucose (50 mM) to the buffer solution results in
Iits catalytic electrooxidation (dashed line, Figure 1) according

to
GO-FAD + glucose -- GO-FADH2 + gluconolactone (I)

GO-FADH 2 + 2 Os(Ill) -- GO-FAD + 2 Os(ll) + 2 H+
(2)

Swhere GO-FAD repmeents the oxidized form of the flavin adenine
dinucleotide bound to the active site of glucose oxidase and GO-
FADH2 represents its reduced form. GO-FADH2 is reoxidized
by two osmium(III) centers of the polymer (or by two sequential
oxidations by a single osmium(lIl) center) with the corresponding
reduction of the redox polymer centers and the release of two
protons. One difference between the kinetics of such an enzyme
electrode, constructed from a cross-linked redox polymer, and, , j ! ! hmogen olsseution kinetics is that the redox sites in the polymer

e0e u~s cannot diffuse. Thus, all redox sites are not equivalent: part of
8 1 Voks v SCE therfedox centers heecloseenough toonzyme-active saw to permit

electron transfer from the reduced enzyme to the oxidized redox
Fisn 1. Cyclic voltammograsm of a POs-EA/GO/PEG film on a center (eq 2) within a defined period. The remaining redox centers
viPEG the surface coverage of osmium sitesis r 3.2 x 10% GO,/5 (except those in contact with the electrode) participate only in
The solid curves show two scans, at I mV/s and 5 mV/s, in the abewnce electron self-exchange reactions. Thus, after transfer from the
of glucose; S - 28.3 pA/cmv, The dashed curve shows a scan at 5 mV/s enzyme-active site, electrons of the osmium(II) centers -diffuse" 1s
in the presence of 50 mM glucose; S - 56.6 pA/cm2. through the redox polymer (eq 3) to the electrode. The oxidation

Recently, oxidoreductases were immobilized in electrically active Os(lI) + Os(1ll) -- Os(III) + Os(ll) (3)

polymers''43 to establish electrical communication with the en- of Os(IJ) centers closest to the electrode is expected to be rapid
zyme-active site, while at the same time reaping the benefits of and thus is unlikely to contribute to the observed kinetics.17 The
enzyme immobilization. Relative to the earlier explored reactions, overall reaction represents the two-electron oxidation of glucose
the network-forming reaction between the poly(ethylene glycol) by the electrode, a process that is kinetically forbidden on an
diglycidyl ether (PEG) and both the primary amines (lysines) on unmodified electrode in this potential range.
the enzyme surface and the pendant amines on the osmium- Glkcme Rl• wpm anW Apfnd Mihd s Cmbts of Enuyme
containing redox polymer (POEA)'0 is simple and gentle. The Eeetrodes The steady-state glucose response curves under ni-
reaction proceeds at room temperature and neutral pH. It allows trogen-, air-, and oxygen-saturated conditions were measured at
the simultaneous immobilization and electrical connection of 1000 rpm and 0.40 V vs SCE, i.e. at a potential on the plateau
several enzymes, including glucose oxidase, lactate oxidase, gly- of the catalytic current response (Figure 1). Figure 2a shows the
cerol-3-phosphate oxidase, and D-amino acid oxidase. The re- response curves for electrodes with ,- 1 ,m thick films containing
sulting enzyme electrodes retain much of the activity and the 4.2% GO by weight, a less than optimal fraction of the enzyme.
specificity of the enzymes.14 Because the cross-linked film is Aliquots of a 1.0 M solution of glucose in the standard buffer were
formed on the surface of the electrode, only microgram quantities injected into the cell and the steady-state current after stabilization
of enzyme are needed and no further purification of products (e.g., (5-25 s) was recorded as a function of glucose concentration. The
gel chromatography) is required. The procedure reproducibly electrode current, at moderate glucose concentrations, decreased
yields highly permeable, strongly bound, hydrophilic films that substantially in the presence of air or pure oxygen because of the
may be viewed as enzyme-containing, redox-conducting epoxy competition between the Os(IlI) centers and 02 for the reduced
cements. form of the enzyme4 (eqs 2 and 4).

Elsetrohemi'A al Respom of GO/POs-EA/PEG Films.
Electrodes with -!, jam thick films containing two parts by weight GO-FADH 2 +02 GO-FAD + H2O2  (4)
POs-EA to one part GO and weight percentages of PEG varying The glucose response curves can be described phenomenolog-
from 1.6% to 18.5% of the total were prepared. At this film ically by the Michaelis-Menten equation, expressed here in the
thickness and POE-A/GO ratio the cross-linker concentration Eadie-Hofstee form:4."5•°
had no discernible effect on the electrochemical properties of the
enzyme electrodes. The average oxidation peak potential of these J, = j - Ks'uIC") (5)
electrodes was E. - 0.278 & 0.003 mV (SCE). No trend was
observed in E. with PEG concentration, in contrast with that (Is) Murray, R. W. In kltaoW.•Juica Chemlstry Bard. A. L., Ed.;
observed for the enzyme-fiee redox polymer.1' Most of theenzyme Marcel Dekker. New York. 1984; pp 191-368.
electrodes reported hereafter contained 4-8% PEG by weight. (16) Andrieux, C. P.; Dumas-Bonchiat, J. M.; Savant, J. M. J. Eke-

troand. Ckem. 192. 131, 1-35.
(17) Anson, F. C. J. Phys. Chenm. 19n, 84, 3336-3338.

(12) Trevan, M. D. ImmiobirUsd Extymer, Wiley. New York. 190. (18) PrMe N. C.; Stevens, L. FwadaweAJ of Enymoloo1y Oxford
(13) Foulds, N. C.; Loe C. R. A. Chem. Soc., Far•day Tram. I t19 University Press: Oxford, 192.

82. 1239-1264. (19) Caner., J. F.; Wingard. L k., Jr. Xcwhu ry 1•24,3,2203-2210.
(14) Katalds, 14 Gregg. 9. A.; Heler. A. Unpublished results. (20) Kamin, R. A.; Wilson, 0. S. AWl. Chem. 1906, 52, 1 9M-1205.
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Nw. 2. (a) Steady-state glucose response curves under N1, air, and &4 ,
for an electrode with 4.2 wt %GO, 7.6wt%PEG, and r - 4.7 X IP .X 200
mel/cm2. The electrode was held at 0.4 V vs SCE and rotated at 1000 ii £
rpm in aqueous buffer at pH 7. 1. (b) Data from prt a plotted as an
Eadie-Hofmee plot (eq 5). The negative of the slope gives the apparent
Michaelis constant of the electrode, Ks', and the intercept gives the 100
limiting catalytic current density, J. A

whereJ, is the steady-state catalytic current density, J, is the 0 6
maximum current density under saturating substrate conditions, 0 20 40 60 so 100

Ks' is the apparent Michaelis constant (which is not an intrinsic rx lo / mol cm-2
property of the enzyt e, but rather of the systeon as a whole), and .FIg 4. Limiting catalytic current density as a function or surface

coverage for electrodes with IS wt % GO and 8 wt % PEG. [Glucose]
that consistency with eq 5 does not necessarily imply that the - 200 mM; V - 0.40 V vs SCE.
observed process is limited by enzyme kinetics. We employ eq
5 only for a phenomenological description of the electrodes; a Thickens Depedmece of Catalytic C(,ret. The increase in
detailed kinetic model of these complex systems is beyond the sope limiting catalytic current density in the presence of 200 mM
of this work. The glucose response data (Figure 2a) were plotted glucose in a series of electrodes of increasing surface coverage of
according to eq 5 (Figure 2b) gving straight lines with slopes equal Os(ll)/(llI) centers (thickness) is shown in Figure 4. These
to the negative of the apparent Michaelis constants and intercepts GO/POs-EA/PEG films contained IS wt % GO and 8 wt % PEG;
equal to j.. The apparent Michaelis constants increase sub- the surface coverage of osmium centers was varied from r - 2.1
stantially in the order (Ks')N, (18.7 mM) < (Ks'), (37.5 mM) X lO mol/cm2torl- .1 X lV mol/cm 2 byvaryingtheamount
< (Ks')o (64.5 mM). Ks' and J.. characterize the enzyme and concentration of film-forming solution applied to the electrode.
electrode in a particular environment, not the enzyme itself. Ks' These data show a breakpoint between low and high surface
is equal to the substrate concentration that elicits a half-maximal coverages: although the limiting catalytic current density increases
response from the electrode, approximately linearly with thickness for the thin f'inm, the rate

Ghmem Dliffm -le s oqh Fi&. The redox epoxy without the of increase is much less than that for thicker films. The reason
enzyme has an open structure that should make it highly for the breakpoint is not clear.
permeable to glucose.iO Because the permeability is not directly Figure 4 shows that the limiting catalytic current density
measurable (glucose is not electroactive at the electrode surface), continues to increase with thickness, even for very thick films.
the effect of electrode rotation rate on the catalytic current density Thus, the electroactive portion of the film, the "reaction layer',
at several concentrations of glucose was measured and plotted as extends through the entire film thickness "63i This contrasts with
a Levich plot (Figure 3).21 A diffusion-limited process appears the results described for the electrocatalytic oxidation of hydro-
in such plots as a straight line passing through the origin with quinone on the enzyme-free redox polymer,1 where the current
a slope proportional to the 2/3 power of the diffusion coefficient, decreased with increasing film thickness, at least for fdims thicker
The absence of a rotation rate dependence in these enzyme than ca. r - 1.3 X 10 mol/cm 2, and the reaction layer con-
electrodes indicates that the kinetic process limiting the current stituted only a fraction of the film thickness. In the latter case,
is not glucose transport to the surface of the -I pm thick film the limiting current density was ca. 50 times higher than that for
and that glucos transport to the film surface does not significantly the enzyme-catalyzed reaction in the thickest film shown in Figure
alter the concentration profile of glucose within the electroactive 4. These results can be put in perspective by considering the
film.' relative density of catalytic sites in the two cases: for hydroquinone

(21) Dird, A. J.; Faulkner. L R. Ekehrrhem lAMethod, Wiley. New (22) Andrieux, C. P.; Haas, 0.; Savent, J.-M. J. Am. Chm. Sac. 19K
York, 190. 108, 8175-8182.
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show isthechrnoapermetic esposeD.C2, or n eectode j.. for the first serits (13) is given on the right axis, for the second series

containing no GO with 9.1 wt % PEG and r" - 3.7 x 10-4 moi/cm2 (0). ()o h et h uv sa i oteee

oxidation, the catalytic site is the osmium complex, while for at low glucose concentrations. The process that limits the low-

glucose oxidation, catalysis takes place at the enzyme-active site. gluomse-proncenstration s h current at highe tepeaurese isditnctn
Glucose oxidase is a dimer of molecular weight 160000, or 80000
per active siteP while the POs-EA/PEG weight is approximately tration and the process that limits electron diffusion. Thin (<0.1I
1500 per osmium complex. Thus, pure POs-EA/PEG films i•m) cross-linked or noncross-linked POs-EA fdfms with adsorbed

contin desit ofsite aciveforhydoquiion oxdaton os- or bound GO show an activation energy for the electrocatalytic

mium complexes) about 300 times greater than the density of sites curren ofaca. 33upport, intdependet pofe gloe hyonetheisthtiothe

active for glucose oxidation (FAD centers) in the films shown in Thsdaaupotbtdontrvetehyteishtte
Figure 4. Hence, it is reasonable to expect the "reaction layer* rate-determining step at high glucose concentration for the -, I

for he nzye-caalyed eacion o b muh lrger an th wm thick cross-linked enzyme electrodes is related to electron
curreth densitie-csmalyler, thantior tohe imucomplarer, catalyed diffusion through and/or to the rodox polymer. An example of

cureain. Thensitives sralter cnthant for the oswiu copexidationszed such a rate-controlling step might be chain flexing that causes

ralocotribu.the rltoive reatie custents dotenstwooies. os two redox, centers to approach each other sufficiently for the

also ont mribute for threlaive yfcurn dencsites,~ d h electron to be transferred. At low glucose concentration, or for
caneinsed-tatetl Eelectror aayi oxdto currme n wik•the the thin, adsorbed films, the rate-determining step is different.

tepeature stad-tatwo concetroatiosolutcosexisatiown iurnt Figur Catalytic Cunrentl aid Apparent Michadie Constant: as a

5asanerhature plt. Alsoen pltatted is glucosepirashowndinendenre Function of EAzywe Lmodi". Glucose response curves were
of D. tnAhenMfuion plofc ert flo r potted s , for tmeatnr deenzye-fre measured for two series of GO/POs-EA/PEG electrodes con-
fimof abou the difsame PE€onfcien"freetraton, for the enzyme-fecrode raining concentrations of GO varying from 0.9% to 7 1% by weight.

filmof bou th m EG oncntraionas he nzye eectode The total weight of the three components applied to the electrode
(data taken from ref 10). A -I, ism thick GO/POs-EA/PEG surface was kept approximately constant at about 100 p8/cm2
electrode containing a low concentration of GO (4.2 wt %) was (i.e., if the density is assumed to be I gm/cm3, these films are
selected for this study to minimize possible enzyme--enzyme in- about I jmn thick). The limiting current densities under nitrogen
teractions. The experiment was carried out under nitrogen where obtained from the intercepts of Eadie--Hofstee plots, are plotted

the ppaentMicaels cnstnt o ths eectodeis 8.7mM. against the wt % of GO in the film in Figure 6. The data areThus, the higher concentration of glucose (!150 mM - 8 Ks') from two series of experiments that employed different batches
employed is well into the limiting curret region for this electrode, of GO, the first of which produced current densities about 3 times
i.e. where the overall electrode reaction is zero order in glucose. higher than the second. Since we are interested primarily in the
The lower concentration of glucose (2 mM m 0.1 Ks1) corresponds- variation ofj.. with % GO, the two series are plotted together

to te 1nea" rngeof he lecrodewhee te oeral eectode in Figure 6 with the axis for the first series 3.3 times that for thereaction is first order in glucose. second series. Although there is substantial scatter in the data,
The activation energy for the electrecatalytic current, E.,a the trend is clear; j.m increases at first with increasing concen-62 kJ/too3, at high glucose concentration is practically identical0

with that for charge transfer through the redox polymer. (The tathigeoncofentre pasatiaon. 5 O n te erae

averge or our lecrods ws E. - 0 *2 kJmol)10For The apparent Michaelis constants under nitrogen of the twocomparison, the activation energy of glucose oxidase itself is sets of electrodes decreased monotonically with increasing con-
reported to be approximately 14kJ/mol."• At low glucose centration of GO(Figure 7, two lower curves). The Ks' for theconcentration, the A us plot is distinctly c- v. It is possible first set of electrodes were consistently higher than those of the
to fit the low concentration result to two activation energies, E. second, as were the jG . The Ks' of the second set of electrodes

- m 66 t/ mol belowroom m temperature and Ecm se 33 /ol above undere airand 02 (two upper curves, Figure 7) were markedly

room temperature, although this procedure is necessarily inexact. hg e h nteK 'ud rN n loehbtda vrl elnThis diffece between the low and high glucose regimes has been aierth m tw c sreri o e xeraimnt wit en ace

with.2wtGO,76wtEG~adl'-.7X 0~ ml/cm. Alo j,~,with efinreasig nenraieso~nhof GhtO. tecnsre

observed for all thick (>hI res) film electrodes thus examined. It Kine(the lefsitatio. of Eazyme/Redx Polyser aais. In the
appears that two separate rate-limiting processes are in balance absence of a detailed kinetic model for such enzyme electrodes,

our discussion of these results must necessarily be somewhat
(2l) Tuie H.; Natsuadi, e.; Ohhi, K. l c loca m. w •ig , 78,1835043. speculative. The results shown in Figures 2, 3, and 5-7 can be

(24) Carvalho, L. 9. J.; Melo, E. H. M.; Vacnels A. R. A.; Lira, R.
R. Arq. N1ot. Teeknol. 11"11.,29,5$25-31.(2p ) Koa J. H.; Byun, S. M. TEA/P HEGweight C ai 19oim, 23,16y-74. (26) Pishko, M. V.; Heller. A. Unpublished rosults.

1500.... pe omimlumcmplex.l Thus, pur PI sEA PE fib lm orbudGOso naciainenryfr h lcroaayi
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nation of these results is that j 1 may be limited by electron
+ +'diffusion* away from the enzyme-active site, rather than by

60 electron *diffusion' through the bulk polymer. Enzyme-active
oxygen sites are, to some extent, buried inside an insulating protein coating

(otherwise they would be directly accessible to planar electrodes
and other enzyme-active sites);5-9"32 thus, the electrical contact
area between the redox polymer and the active site may be quite
small. Furthermore, glucose oxidase is a highly active enzyme
capable of producing larger catalytic currents than most oxido-
reductase.2 Thus, we suggest that the 'spreading diffusion* of

0 air electrons away from what is essentially a point current source
during intermittent contact, rather than the bulk 'diffusion* of
electrons through the polymer film. may be the factor limiting

0 0j., in these enzyme electrodes.
20' + o The rate at which electrons "diffuse" away from the enzyme-

active site depends upon the local Os(lI)/Os(lll) concentration
gradient. An increase in enzyme concentration will lead to a
decrease in steady-state Os(lll) concentration as more FADH2
centers come into transient contact with the redox polymer. The
resulting decrease in the Os(Il)/Os(lll) concentration gradient

0 will decrease the rate at which electrons "diffuse" away from the
0 20 40 60 enzyme-active sites and thus should lead to a sublinear increase

in electrocatalytic current (Figure 6) and a corresponding decrease

in the apparent Michaelis constant (Figure 7) with increasing
weight % GO concentration of enzyme. At very high enzyme concentration the

Figre 7. The apparent Michaelis constant, Ks', as a function of wt % decrease in bulk conductivity caused by the presence of the in-
glucose oxidase in the film under N2, air, and O2. The electrodes are the sulating enzyme in the conducting polymer phase may become
same as in Figure 6. Both the first (a) and second (0) series were tested the primary limitation to the catalytic current."3

1

under N1; only the second series was tested under air (0) and 02 (+).
The curves are only aids to the eye. COWc0loms

explained by assuming thatJin is limited by electron "diffusion" Glucose oxidase has been simultaneously immobilized on, and

through the polymer film and that this limitation becomes more electrally connected to, electrodes by binding in an - I jnm thick

severe at higher enzyme concentration. Thus, the activation energy cross-linked, redox-conducting epoxy cement. The maximum
for electrocatalytic oxidation of glucose at high glucose concen- steady-state current in these modified electrodes is apparently

tration (Figure 5) is identical with that for electron "diffusionl limited by redox polymer kinetics rather than by enzyme kinetics.

through the pure redox polymer film.10 Since 02 competes with The most likely source for the kinetic limitation is an electron-
4a greater transfer process, involving redox polymer chairt flexing, that en-the redox polymer film for electrons (eqs 2 and 4), abeahetasprgfrlcrosaayfoateatiesteorh

concentration of substrate is required to reach the half-maximal ables the transport of electrons away from the active site of the

catalytic current density in the presence of 02 relative to N 2; i.e., enzyme. The catalytic current is not limited by diffusion of either

the apparent Michaelis constants increase with oxygen concen- eletrons or glucn e through the bulk of the film; the C reaction

tration (Figures 2 and 7). If the limitation becomes more severe layeti extends through the entire film thickness. Control of the

at higher enzyme concentration, the increase in j.. is expected limiting current density and the apparent Michaelis constant, i.e.

to be at first sublinear, and may eventually decrease, with in- the sensitivity and the dynamic range, of the enzyme electrode

creasing enzyme concentration (Figure 6). As the catalytic current is possible by adjusting the concentration of enzyme in the films.

per enzyme decreases with increasing enzyme concentration, the Acknowledgment. Support of this work by the Office of Naval
glucose concentration required to reach half-maximal current per Research and by the Welch Foundation is gratefully acknowl-
enzyme also decreases, thus Ks' decreases monotonically with edged.
increasing enzyme concentration (Figure 7). And finally, Figure
3 is also consistent with a catalytic current limitation caused by Relsiiy No. Glucose oxidas, 9001-37-0; glucose, 50-99-7.
electron *diffusion* through the film.

Figure 4, however, shows plainly that the catalytic current (28) Andrieux, C. P.; Saveant, J. M. J. Electroanal. Chen. 19Z, 134,
density (at least for films of GO S ca. 20 wt %) is not limited 163-166.
by electron *diffusion" through the bulk film, even for films many (29) Depni, Y.; Heller, A. J. PAys. Cham. 1937, 91, 1285-1289.

(30) Degpni, Y.; Heller, A. In Raedo Chemistry and Inerfacfal Dehoortimes thicker than those shown in Figures 6 and 7. Such a of Biological Molecules; Dryhurst, G., Niki, K., Eds.; Plenum Press: New
limitation would result in decreasing catalytic current density with York, 1987.
increasing thickness."i"'n We suggest that one possible expla- (31) Depani, Y.; Heller, A. J. Am. Chem. Soc. 1968, 110, 2615-2620.

(32) Degani, Y.; HeUer, A. J. Am. Chem. Soc. 1969, 111, 2337-2358.
(33) Kirkpatrick, S. Rev. Mod. PAys. 1973, 45, 574-588.

(27) Andrieux, C. P.; Duias-Bouchiat, J. M.; Saveant, J. M. J. Ele- (34) Carver, M. T.; Hirsch, E.; Witmmann. J. C.; Fitch, R. M.; Candat,
(moaid. Chem. 1966, 114, 159-163. F. J. Phys. Chem. 1969, 93, 4867-4873.
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Amperometric Glucose Microelectrodes Prepared through
Immobilization of Glucose Oxidase in Redox Hydrogels

Miel" V. Piakko, Adrian C. Michael,l and Adam Haller*
Chemnical E ineering Department, University of Texas at Austin, Austin, Texas 78712

Gb..W ki have been emnd wih gkoos ox- INTRODUCTION
IdoMeseI RIM IdIn pun i (v w)Oe(bhildkin)@ClJ Among the enzyme-based electrochemical biosensors (1-4)
derhate seeod a*dex hyeginhle an beveled carbonsler for the determination of clinical and industrial analytes, the
.deh(7 (Am diast o ne leci de. In lie rmN3-g fft. moat widely used and studied are those for glucose. Because

to ege lesteade 0kee 8 A "dd- 0MR IW- glucose oxidase transers electrons to diffusing and nondif-
tad da y hi 0.3 mtA c' wA le sesumtly hi 30 • a4 fusing mediators, withstands chemical immobilization tech-

i*"1. 1eM NdoW" am -I owing 10wI m lioehi niques, and has a high turnover rate (-103 0) at ambient
lW In 0i.. I2 " mad e Wlh thle soe hahoge, temperature, this enzyme iscommonly used in glucose sensors.
FOUM eIw, the •c•d Is hIeeW a keted by a chang In the Miniaturization of glucose sensors is relevant both to the
p pU eUMm el oxy706. The high ceureal denely en masurement of gd in all/volume and in vivo, and size
Iowaop exga oivity pot to Ifth efm s I collection of is important in monitoring the dynamics of local chemicalWlesser1 0 Wo a euve. e he~ir siv in fthe E leoh~ toten ~ events in specific regions of an organ. Sensor miniaturization
*S i Ie -. 11,6k dlsE Pi ghe redX h OPcl•I to has allowed in vivo measurements of neurotranamitter relem
elseds matae Thk m s•dails o wihs tlin obs ere from dopaminergic neurons in mammalian brain tissue with

Uw/m ec des b d on dlus nedo tt whoe microvoltammetric electrodes (5). In addition, microsensors
loe of 1e any weduosd 9•la ni by riid l fduiono to t with dimensions smaller than their substrate diffusion layer
5M101e decress lthie niOdf Wed ol Jnice~s ho(' d rapidly attain steady-state conditions via radial mass trans-
releive to sAm e d. port, allowing the use of signal-averaging techniques. Glucose

microsensors have been made by using glucose oxidame im-

"*To whom carrepondence should be addressed, mobilized on microcylinders, microdisks, and microplanar
'Current address Department of Chomistry, University of surfcms (6-17). These microsenson measure either the change

Pittsburgh, Pittsburgh, PA 15260. in oxygen partial pressure (16), the concentration of evolved

OOM70010110163-2268602.50/0 0 1991 Amieucan COwnfl Socety
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N N N.

0S2 3 CH 2

(bpy)2C1CH

n- I, m-4, p- 1.2
Prgie 1. SIUtrutr of owi po~y[(v*WW0We)WsbpyW*Ct13J/poly_
an*ie used to from 1he a lyoge redox epoxy.

H2%0 (7-13), the pH change resulting from the hydrolysis of
gluconolactone to gluconic acid (14), or the reoxidation of a Figur 2. Photograph of a beeh corbon-Iber n lchade
small diffusing electron shuttle other than 02 (6, 15, 17). a Me fld with91 Owl ozino-caf"kto hed r ogel.

Recently, the immobilization of glucose oxidaes in redox lwcl i:st n ecrbdi h ieaue(2 n
wihyrglucse oxidabee imblien thotd 1-0) rese tredo hydroea a rotary injection valve (Beckman) were used for flow injection
siho alcs typicaluren dnitymofiie i0 tA/cme ato ymM gelucse analysis. The microelectrode was inserted by using a microma-

showa tpica curentdenityof 5 jA/cmlat mM lucse, nipulator into a 0.75-mm channel located approximately 2 cm from
have good mechanical properties, and are stable when stored. the injection valve. The reference (SCE) and counter (Pt)
This papex examines the current densities and sonsiti-'ities electrodes were placed approximately 1 cm downstream from the
that are reached in enzyme-containing redox hydrogfels in the working electrode.
absence of solution mas transport limitations and radial Microeloectrode Fabrication. Beveled carbon-fiber micros-
charge diffusion through the enzyme-redox hydrogel network lectrodes were fabricated in a manner similar to the fabrication
on microolectrodes. The roughly disk-shaped microelectrodes of electrodes for th n vivo sud of neurotransmitters (5). A
consist of beveled carbon-fiber tips of 7 Mum diameter em- 7-mcro ie Toel30 no abd)wsinserted

beddd i aninslaton ateial th ovral dimetr bing into a 2 mm o.d. Pyrex glas tube. The tube was pulled on a
lesse thn 20 insulthen matcroelectheoderare coatedwthr bglcs inicropipet puller (Narishige Model P8-7) to yield a glas tip ofIon tan 2 Pm. he mcroeectroes aeapproximatelycos 20Mm od. The glass tip was then filled by capillar~y
oxidase immobilized in a redox, epoxy formed from three rise of a low viscosity epoxy (Spurr, Polysciences) and cured at
components, (a) poly(vinylpyridine)-containing Os(bi- 70 OC for 2 days. The tip was then polished at an angle of 451
pyridine),CI, partially quaternized with bromoethylamine with a inicropipet beveler (Modal By-10, Sutter Instrument Co.)
(POs-EA), (b) glucose oxidase. an enzyme with 15 lysine on an extra-fine diamond abrasive plate to produce an elliptical
residues (21), and (c) polyethylene glycol diglycidyl ether, a carbon disk. Electrical contact was established with the carbon
crosslinking agent that reacts with primary &mines on both fiber by filling the top of the tube with mercury and inserting
the redo: polymer and the enzyme lysine residues. a stils ste wire. Similar electrodes have also been made with

We fnd hattheredx eoxyhydrgelbasd gucoe 111- Pt and Au microwires.
We fnd hatthe edo epxy hdroel asedgluosema- The glucose macroslectrode was formed by fillingsa micropipet

croelectrodes exhibit high steady-saute current densities (0-3 with approximately 1 jaL of the premixed aqueous solutions of
mA cm-2) and sensitivity (20 mA cm-2 M-1) at 5 mM glucose, the roo poyr enym, and aces-linke (mas ratio of 1:1-0.4).
10%-eO% response times of <6 a, and an approximately linear With gentle air pressure the liquid was ejected from the pipet
glucose concentration dependence up to 6 mM. Compared and allowed to foam a droplet on the outer surface of the pipet.
to macroelerovdes with a similar redo: oep'ry hydrogel Because surface tenmsion caused the droplet to travel several
coatiMg the miacelechtodes show a 10-fold iavreus' in current millimeters up the pipet. transfer of the droplet to the micro*-
density improvd signal to messe ratios, lower glucose detection~ letroed required contact of the microelectrode with the droplet
limits, significantly reduced sensitivity to oxygen, and rapid whlte aewsuedohldheroetipacunl
response to changes in glucose concentration. We attribute evaporation of a sulficient amount of water made the droplet too

vscous to move. This procedure allowed visible layers of the gel
these to radial charge transport through the redo: network to be attached to the tops o( the - rolcre.. Qualitatively
to the microelectrode surface. thick- or thini-film electrodes were produced by concentrating or

ZXPZRMENTL SETIONdiluting the muimure. Thick-film electrodes typically were coated
EXPEIMENAL SC'1with, approximtey 1.43 osg of redo& polymner, 0.36 units of glucose

Reagents. Glumme omidms (SC 13.341 (T'ype X. 18 nittit/rg oxidoese, and 0.5 mg of crosslinker. 11e 'thinnest! thin-film
solid) from Msperoilius nigr (Sigma Chemical Co.), and (poly- electrodes wore coated with approximately 0.14 sig of redox
ethylene glysol, MW 400) diglycdyl otherolsiecs wore used polymer, 0.04 uitsb of glucose onudesa, and 0.05 mg of cross-linker.

as received. The redo& polymer (19) shown in Figure I was After the mixture droplet dried, the residual film was cured at
synheised as previously reported. ambint tomostuwrae in air for a minimum of 2 days. Microscopic
Appamitus. An EG&G Princeton Applied, Research 273 po- exminatio of th micrornlectrode tips revealed that the film.a

tentiostat/galvanostat was used for cyclic voltammetry and deposnite not only on the beveled tip but also on the glass, to
cowstant-poteatial experimenits. For the zaucroelectrode exWe- a distance of 10-15 aim mwy from the tip, as soon 0 the upper

mimnts, the airrenits were peplifld 'byuoban Keitbley Model portion of the microelectrode of Figure 2.
427 current amplifier or a Keithlsy Model 617 electrveomter pno
to A/D manvermion vim the auxiliary input of the psnott.An RESULTS AND DISCUSSION
IBM PS/2 Model 8D computer with softwar ev'eloped in house Electawlehemical Response, of Glucesse Ozidm Cosn-
was used for controlling the potuatiostat end for data acquisition. tainin Rodox Hyduwels en Beveled Carbont-Fiber MI-
All experiment ware perforned insa Faraday cae. A covntoa crosilectrodee, Figure 3a (curve 1) shows a cyclic voltai-
tho~ecrZ yse a used~ wihaP~w owtrosu mopram for a thick-film glucose microelectrode -n the abosewc
crelbon-dIsk elsectodes (3 inm diameter) made by using V-10 of glucose. The thick-film electrodes exhibit rapid and re-
vitreos carbon rode (Atomnerric Chemetale) were polished on variable electron transfer, as indicated by the small difference
sabmina powder ampensmom (Buehler) decreasing in pertidie sine betPen the peaks of the reduction and oxidation waves. AE,
from 5 to 0.05 sm. (<60 mV). The redo:. centers are attached to the polymer
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OA f a (3n1m gluose nicrocire. C4nem dpo rm by cyclc

volanumetry from 0.1 to 0.4 V(SCE) In 0.15 M NaC. 1 mM Najp 4,
pH 7.4, under N2, scan rate 5 mV/s.

are 0.5 mA cm-2 and 0.3 mA cm-2 at steady state, a 10-fold
increase in current density relative to macroelectrodes with

-&o ,1 , , s surface coverages. Glucoee microelectrodes fabricated
-0.1 0.0 0.1 0.2 d.3 0.4 0.5 as with thin films els show a current dsity (50 #A mn-) higher

P (v V W than that of similar macroelectrodes. Radial mals transport
PIpe 3. (a) Cyclic voltan lorama of a 0r*4hm lucs e e- of glucose to the hydrogel is unlikely to be the cause of the
a 'k e In 0.15 M NseC 1 M WitPO,,. pH 7.4. under N2, scan rate enhanced current density given the observed independence
5 mV/s: (1) no 0uces; (2)5 mM Oicoe. (b) Cyclic vonmmo of current density on rotation rate for macroelectrodes mod-
ofa e dom ri *ogsbmodfls sa' da on a 3-4am v eous carcn disk ified with the redox hydrogel and enzyme (19). The elevated
(nacoelecodo), scan rate 5 mV/s, 0.15 M NaCI, I mM NaHgP0 4, current density is surprising considering that the microelec-
pH 7.4. under N,. trade cannot oxidize or reduce the entire redox hydrogel at

a 5 mV/s sweep rate, because of the distances involved in
chains and are immobile on a macroscopic scale; thus the diffusion to the periphery of the gel. This implies that the
current, a associated with electron self-exchange between redox redox hydrogel communicates poorly with enzyme molecules
centers of different oxidation states. Electron transfer within immobilized far from the electrode surface. However, the
the film obeys relationships very similar to those for molecular higher current density indicates improved communication as
diffusion (23), hence the voltammogram in Figure 3a (curve compared to macroelectrodes and can be attributed to the
1) resembles that for a diffusion-controlled process at a mi- increased flux of electrons via radial diffusion through the
croelectrode, revealing the contribution of radial electron hydrogel to the electrode surface from enzyme molecules im-
transport through the gel to the microelectrode surface. The mobilized close to the electrode surface.
voltammogram shape approaches that of a steady-state Carbon-fiber microelectrodes of similar dimensions were
voltammopam, as shown by the small degree of diffusion/ found to have poor sensitivity to homogeneous catalytic re-
depdion tifi and the smail oxidation and reduction crent actions (27). Bemuse of the radial diffusion associated with
peaks. The nonzero current observed at the switching po- electrodes of this size, diffusing electroactive products (e.g
tential (0.5 V) at 5 mV/s sweep rate shows that the film is H20 or ferrocene derivatives) generated by the catalytic
not completely oxidized at this sweep rate. The near- oxidation of glucose by glucose oxidase will rapidly diffuse
steady-state current at 0.5 V also shows that the dimension away from the microelectrode surface, as was observed by Hill
of the electron diffusion layer is greater than the dimension et al. (6), even if the enzyme is well bound to the electrode
of the microelectrode; i.e. the hydrogel behaves as a semi- surface. However, because the redox hydrogel a a nondiffusing
infinite solvent volume. The radial electron diffusim through collector of the enryme-generated current, the cumr denaity
the hydrogel results in an inh esed flux of electrons to the increases under radial diffusion conditions.
microelectrode surface. The photograph in Figure 2 shows Because an increas in current density upon minwiatu
that the gel thicknem and the fiber radius are of similar does not imply improvements in sensitivity or detection limits,
dime on, suggesting that the redox polymer located on the the sensitivity and signal to noise ratios at various glucose
axial surface of the capillary contributes to the current. Such concentrations were investigated. The glucose concentration
behavior is not observed at macrelectrodes (3 mm diameter dependence of the catalytic current, as determined by cyclic
vitreous carbon disk) with similar chemis and surface voltammetry for a thin-film glucose microelectrode, is shown
overage, as shown by the voltammogram in Figure 3b, which in Figure 4. The electrode response is approximately linema
reveals typil thin-layer behavior. Rapid charge transfer and to 6mM glucose. The nositivity is appromately 20 IA am4

ner-steady-state vohunmograms were earlier men by Murray M-1 below 6 mM and 6.3 mA cm-' M-1 above 10 mM. The
et a!. in the voltammetry of poly(Os(bpy),(vpy) 2]'* films signal to noise ratio (S/N) is 550 at 5 mM glucose and 15 at
containing entrapped polyethylene oxide and of mediators 50 ,sM glucose. Similar results were obtained for thick-film
entrapped in films of polyethylene oxide on microelectrodes glucose microelectrodes. Macroelectrodes of similar surface
(2U-2). coverage show a sensitivity of 3.2 mA cm- M-3 below 6 mM

Firme 3a (curve 2) is the voltammogram obtained in the and 0.7 mA cm" M-' above 10 mM. S/N is 100 at 5 mM
presence of 5 mM glucose, showing -e catalytic oxidation of glucose, with SIN dropping to lOst 60 #M. Miniaturization
glucose. The current density under cyclic voltammetry con- does result in an increase in sensitivity and improved signal
ditiom in thick-fim eectodes at 5 mM ghuo concentration to noine ratios.
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Pipe 5. Thm-eapandsnt repons of a Udn4kn glucose nulcroe- Rpmw 6. 'Ternpratre illpendmn, of to catalpitcuarrent as de-
lecrods to a' assm In glucesa trm 0 Io 5 rnM In (a) anaerobio 94 on..ted by cycli voiteiwuby in rnd glucoe in a Itemoslsted oil.
purged) maid (b) aerate sokftona as deftrnkue by flow bijction Conditions: seMOW4trls. 0.15 M N@Ci; 1 1 MM Ns14,P04. pH 7.4: wider
analysis. Conditons: appled potentia. 0.4 V vs SCE; 0. 15 M NarCI N2: scan rate. 5 mnV/s.
1 rnM NaI4PO 4. pH 7.4; low rate. I cu/s: 1-rnL samnple loop. The
pointt'1 .f ije' is indloaled by tie uow. The triemeeoeeaaryfor alytic electrooxidation of glucose. The temperature depen-
fte gluose bake to reachOwI Wi lcod kitI -2.5 a. The background dence of the current was measured in a thermostated cell over
current (10 pA) was subtracted frorn the cur5IW5 al iowf. a tempeirature range between 2 and 40 *C (Figure 6). The

The time response in a flow injection system of a thin-film ativation enerV' for the ratdeein ning step was determined
glucse r rolectode o a incease~ ~to be -35 kJ/mol (as calculated from a linear plot of In

fruosem to mMundert anaeoincres and flully serae condetrtions (i/nFA) versus 1/ 7). Near room temperature, the change in
fro shtown n Fiundre anaeroi n fully~ a63 r3 coin diton the catalytic current at 5 mM glucoee is of approximately
cnsowndiions Fiapproxmtl & a.e only rsoseigtlye higher thanthe 5% /-C in thin-film electrodes, indicating that accurate glucose
response time for a sufasce-adsorbed redox polymer/enzyme concentration foecanuresen taheie enithronmenasremperatuand
complex (29, 29), indicating that the redox: hydrogels ar o cm ngensaion for cheiang design the tevionentooal temp oeratr
nevertheles highly, permeable and have fust electrochemia- ore aciaoner b changein the chmca eig fth-e sensr, so asto oer
tries. The decay time for a concentration change fro th acitineegoycagngtert-eemnn tp
0 mM is approximately 8.a. CONCLUSIONS

Oxygn and Temsperatuore Sensitivity. For in vitr Unlike in diffusionally mediated glucose electrodes, where
glucose concentration measurementa, particularly for the miniaturization may lead to los in current density because
control of blood glucose levels in diabetics, it is desirable th' of loss of enzyme-reduced mediator by radial difflusion, the
the electrode be insensitive to changes in dissolved oxygen current density is increased upon miniaturization of electrodes
concentration and to changes in temlperature. Variations in where the enzyme is electrically connected to the microelec-
cataytic current with i'0 l result from the comnpetition between trode via a nondiffuing redox hydrogeL Thus, glucose oxidasee
the redox polymer (I) and oxygen (II in the glucose oxidase immobilized in poly[(vinylpyridine)Os(bipyridine)2CII-con-
catalyzed oxidation of glucose. Waning redox hydrogels, glucose, microelectrodes with current
(I) O-D-glueoee + PVP(Os(bpy)2CII -j densitie and sensitivitie 10-fold higher than similar ma-

glucnolctoe +PV~fs~by),l'i croelectrodes, have been fabricated on beveled carbon-fiber+ macroelectrodus. The ionces in current density, sensitivity,
(H) 0-D-glucose + 02 -~ gluconolactone + H102 signal to nowe ratio, and lower oxygen sensitivity are attributed

Oxygen sensitiv'ity can be a problem in glucose sesn ae to the radial diffusion of electrons through the redox hydrogel.
on sensing either hydrogen peroxide or oxygen. To reduce LITERATURE CITED
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Hydrogen peroxide sensing microelectrodes for an appropriate choice of mediator. Thus, when the kinetics
scanning electrochemical microscopy (SECM) of regeneration of the mediator at a particular site are slow,
have been developed and used to measure hydrogen the distribution of the slow sites can be mapped.78 Although
peroxide in the diffusion layer during electro- manychemical systems can be investigated in this way (metals,
chemical reduction of oxygen on gold and carbon polymers, semiconductors, oxides, immobilized enzymes), 2.3
electrodes. These microelectrode biosensors were the scope of the technique is limited to systems that can be
also used to detect immobilized glucose oxidase probed by redox mediators. Thus these SECM techniques,
through the production of hydrogen peroxide likevoltanmmetricmethods, have a limited degree of chemical
during enzymatic oxidation of glucose. Images of selectivity. Several laboratories have developed potentio.
hydrogen peroxide concentration profiles near a metric UME for use in SECM9. 0 and localized measurements

1deomposi- of corrosion.11."2 Potentiometric microelectrodes are alsoplatinum microdisk during catalytic dwidely used in biology for intracellular mmeurements of ion
tion of peroxide and in the diffusion layer of a concentrations.13 The use of potentiometry in SECM should
carbon-platinum composite electrode during ox- allow the monitoring of local pH and halide and alkali metal
ygen reduction are presented. The factors limiting ion concentrations. In this paper, we show that the scanning
the spatial resolution (tens of micrometers) and tip can be made selective by 'electrically wiring' an enzyme
potential applications of the technique are dis- to the UME via a cross-linked redox polymer to produce an
cussed. electrochemical biosensor.

Many different designs for enzyme UMVs have been
reported, including physical entrapment on platinum,"-16

INTRODUCTION conducting organic salts,', covalent attachment using biotin-
avidin,'.' 9 and immobilization in cross-linked redox poly-

In scanning electrochemical microscopy (SECM), an ul- mers.4 The SECM tips were made by electrically wiring
tramicroelectrode (UME) tip is scanned over the surface of horseradish peroxidase to a carbon electrode viaa crus-linked
a sample. Topographic and chemical information about the redox polymer (shown in Figure 1).122 The redox polymer
surface and electrochemical processes in the diffusion layer
can be obtained from the faralaic current at the UME.1-3 (7) Wipf, D. 0.; Bard, A. J. J. Electrochem. Soc. 1"91, 13, IA.
Commonly, a reversible redox mediator is used and the UME (8) Engstrom. &. C.; Small. B.; Kattan. L. Anal. Chem. 1M2, 64,241.
is poised at a potential where the reaction at the tip is diffusion (9) Denusuit. G.; Troise-Frank. M. H.: Peter. L. M. Faraday Discuss.

Chem. Soc. 1992, No. 94, 23.controlled. At such a potentiaL the tip current is determined (10) Horrocks. B. R.; Mirkin. M. V.: Pierce. D. T.; BardL A. J.; Nao",
by the rate of mas transfer to the tip, which is a known G.; Toth, K. Anal. Chem. 1"3. 65, 1213.
function of the tip-to-sample separation.4 The current 51.1l) Luo, J. L.; Lu. Y. C.; lves, M. B. J. Eleciroanal. Chem. 192, 326,
decreases near an insulating surface and increases near a (12) Davis. J. A. NACE Localized Corros. 1974,3, 168.
conductor. Insulators, conductors, and samples containing (13) Ammann. D. Ion Selectwe Microeiectrodes: Pricmiples, Design
both insulating and conducting regions have been imaged5.6- and Application; Springer. New York. 1986.

o14) Abe. T.. Lau, Y. Y.; Ewing, A. G. J. Am. Chem. Soc. 1"91, 113,Chemical information about the surface can be obtained by 7421.
(15) Ikariyama. Y.; Yamauchi. S.; Aizawa, M.; YuWk•hi, T.; Ushioda.

" Author to whom cormespondce should be addrevsed. H. Bull. Chem. Soc. Jpn. 1988, 61, 3525.
(1) Engstrom. R. C.; Phair, C. h. Anal. Chem. IM9, 61, 1099A. 16) Cronenberg, C. C. H.; van den Heuvel, J. C. Bioens. Bioelectron.
(2) Bard, A. J.; FanF.-R.F.; Pierce, D. T.; Unwin. P. R.: Wipf, D. 0.: 1991.6 255.

Zhou. F. Science 191, 254,68. (17) Kawagoe, J. L.; Niehaus. D. E.: Wightman, P. M. Anal. Chem.
(3) Bard, A. J.; Demasult, G.; Lee, C.; Mandler. D.; Wipf. D. 0. Acc. 191, 63, 2961.

Chem. Rev. 19W, 23,357. (18) Painano, P.; Morton. T. H.; Kuhr, W. G. J. Am. Chem. Soc. 1991,
14) Kwak. J.; Bard, A. J. Anal. Chem. 1969. 61. 1221. '13. 1832.
(5) L1e. C.. Miler, C. J.; Bard. A. J. Anal. Chem. 1"91.63,78. 419) Pantano. P.; Kuhr. W. G. Anal. Chem. 1993,65.617. 623.
(6) Wipt, D. 0.; Bard. A. J.; Tallmann. D. E. Anal. Chem. I1M. 65, 120) Piahko. M.. MichaeL A. C.. Heller. A. Anal. Chem. 191. 63,2268.

137& .21) Heller. A. Acc. Chem. Rea. 1990. 23. 128.
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mediators,-' it would also be interesting to be able to study
these reactions with the usual biological substrate of the
enzyme, oxygen.

m n p The ain of this paper is to show that amperometric
biosensors can be employed as the tip in SECM. Examples
of the information that they can provide in studies of
electrochemical and enzymatic oxygen reduction are pre-

S N sented. The advantages and disadvantages of the technique
+1 0"compared to RRDE and simple voltammetric SECM tech-

.. JOS2 & 0 niques are also discussed. Images of the distribution of

H2 C .. catalytic activity on model surfaces are shown, and the
technique is compared to other methods of imagin electro-

NH 2  chemical activity, such as SECM with voltemmetric micro-

m=1.2, n=1, p=4 electrodes and fluorescence imaging? 0

(1) THEORY

Fir" 1. Structure of the onkarn redox poiymer (1) used in the As in any scanning probe microscopy, it is necessary to
preparation of the hyogen proxde blosensors. determine the absolute tip-to-sample distance in order to

bring the tip close to the surface and to extract quantitative
provides an electron diffusion path from the carbon electrode information about concentrations near the surface. InSECM
to the reaction center of the enzyme. A cathodic current with redox mediators, this is very conveniently done by
flows when hydrogen peroxide is reduced to water by the monitoring the faradaic current at the UME tip as it
enzyme, the oxidized enzyme is reduced by Os24 centers of approaches the surface.' This approach is not possible with
the polymer, and the resulting Os3+ sites are electroreduced the biosensor tips used in this paper for two reasons. First,
through electron transportviathe polymerfromtheelectrode. it it undesirable to add a redox mediator to the solution,
The advantages of this type of biosensor include high current because this could perturb the chemistry of the system.
density and insensitivitytooxy3enconcentration.20 We chose Second. the rate of diffusion of redox mediators in polymers
a hydrogen peroxide sensing tip because hydrogen peroxide is slower than in aqueous solutions, and the faradaic current
is frequently produced in enzymatic and electrochemial for a redox mediator at the tip may be limited by diffusion
systems through the reduction of oxygen, through the polymer film. The tip current would therefore

The reduction of oxygen on metals has been extensively be insensitive to the rate of diffusion in the solution and
studied because of its importance as the cathode reaction in hence to the tip-to-sample distance. However, modification
fuel ceUas.23' In protic solvents, the final reduction product of the procedure is possible. By applying a high-frequency
can be water or hydrogen peroxide, depending on the electrode alternatingpotentialto the tip, the solution resistance between
material. For an efficient fuel cell, it is desirable that oxygen the tip and the auxiliary electrode can be measured. As the
is reduced directly to water in a four-electron reaction at low tip approaches an insulator, the solution resistance inase
overpotential rather than in the two-electron reaction to because the surface partially blocks some of the pathways for
hydrogen peroxide, and a great deal of effort has been put ions to travel between the tip and the auxiliary electrod A
into designing electrocatalysts to achieve this.Y4s The similar effect is applied in scanning ion conductance mi-
activity of these electrodes and the relative contribution of crseopy.31 Near a conducting surface, the meesured resis-
the two-electron and four-electron paths is often examined tance decreases as the tip approaches the surface, because
by rotating ring-disk electrode (RRDE) techniques.2 In this the alternating current can now flow through the conductor,
approach, the disk is fabricated from the catalyst of interest, this applies equally whether the conducting sample is used
and a platinum ring is used to detect hydrogen peroxide by as the auxiliary electrode or is simply left at open circuit. The
amperometric oxidation. Because the reduction of hydrogen dependence of the solution resistance on tip-to-surface
peroxide is very sensitive to the cleanliness of the surface,3' separation can be calculated with two maumptions: (i) the
H20 2 is detected at a platinum ring held at a high positive impedance of the cell can be approximated by a simple series
potential, e.g., +l.0V, sufficienttooxidize hydrogen peroxide. combination of the tip double-layer capacitance and the
However, a hydrogen peroxide biosensor is much more solution resistance, and (ii) the contribution of the polymer
selective than a platinum electrode held at +1.0 V and filmonthetiptotheresistanceiseitherconstantornegligible.
therefore should be applicable to systems where the presence For a conductive substrate, the measured capacitasn will
of other electroactive compounds would prevent the use of include a contribution from the substrate. At small tip-
platinum electrodes. surface separations, only the part of the substrate underneath

Hydrogen peroxide is also a byproduct of the reactions of the tip is active and the capacitance of this region may be of
many enzymatic oxidations where the oxidized form of the the same order as the tip double-layer capacitance. However,
enzyme is regenerated by reaction of the reduced enzyme this effect was found to be within the accuracy of our
with oxygen.2 Although immobilized oxidoreductames have experimental data and therefore no correction for this effect
been studied successfiuly by SECM with simple redox was applied.

(22) Haller, A. J. 1 y, The computation of the solution resistance between a disk
(23) Hoeor, J. P. InJcyclopediaofElactronhmiotryoftheElemernu electrode and an auxiliary electrode at infinity has been carried

Bard, A. J., EZd Mahrel Dekker. New York, 1974; VoL U, pp 305-337. out by Newman by solving the Laplace equation for the
(24) Yeager, K EkaLtodhim. Acts 194, 29,1527. potential ditribution.32 Ile equivalet problem for the
(25) Karama, IL; Ji•m S.; Almsmon, 0.; Bruice, T. C. J. Am. Chem.

Soc. 1•12.14, 4899.
(26) Collmon, J. P.; DemswcP.; Konai, Y.; Marroco, M.; Koval. C.; (29) Pierce, D. T.; Unwmn. P. R.; Bard, A. J. AnaL Chem. 12•1, 64.

Amoa, F. C. J. Am. Chom. Soc. IgM, 102,6027. 1795.
(27) Dumad. EL IL, Jr.; BElocoomi, C. S.; Coliman, J. P.; Anion. F. (30) Engpsrom. R. C.; Ghaffari. S.; Qu, H. An•i. Chem. 1192,64,2525.

C. J. Am. Chem, Soc. IN& 1065,2710. (31) H-inae P. K; Drake. B.; Mari. 0.; Gould, S. A. C.; Prater. C.
(28) DVisas ; Webb, B. C. Enaymer; Academic Pres New York. B. Sciene 1189. 243.641.

1979. (32) Newman. J. J. Electrochem. Soc. 16., 113,501.
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geometry of SECM can be formuiatect bv the following
equations.

with the boundary conditions

j = -KV.0 in the solution (2)-
const at a conducting sample-auxilary eiectrode :3)

*0 at the tip 4)

0 at insulating surfaces and the glass tip sheath ý5)
The above equations apply to both dc resistance experiments
with a redox couple present and ac experiments in inert
electrolyte. as long as o is taken as the alternating part of the________-Zm
potential in the latter cas. These equations are stric~tly --nlanr§

analogous to Fick's equation for smperometric SECM at
steady state.

v~c= 0 (6) 'e

with the boundary conditions

'T =-nFDVc in the solution (7) Z
ý-4:0v

c conat at a conducting sample surface (8)
c -0 at the tip (9)

'T =0 at insulating surfaces and the glass tip sheath (10)

This analogy has also been pointed out for the calculation of
the uncompensated resistance at a UME in bulk solutionA-:134
Using this analogy and normalizing the distance scale by the nve
tip radius. a, we obtain the following expression for the 'Zm

variation of solution resistance with the tip-to-surface sep- sontlrneWng

araio:lpme 2. Sctienutics of the two t"es (A and 8) at hy*ogs peoxdde

R(-)/R(d) = iT(d)/iT,co11 suwbig nicroelectwoes used.

where i-r(d) and R(d) are the feedback current and solution can be constructed. These data can then be fit to the theory
resistance at a normalized tip-to-surface separation of d (in for feedback diffusion in SECM (iTWd)T.. vs d) to determine
units of tip radius a). This implies that the (decreasing) the absolute tip-to-surface distance.
conductance as the tip approaches an insulator shows the
same distance dependence as that of the current in SECM. EXPERIMENTAL SECTION
A similar equivalence exists for the conductance and current Mirol. toeFab ricaeu. Carbonmicroslectrodesoftwo
with a conductive substrate. Since the distance dependence dlifferent geometries were prepared for use as amperometric
of the feedback diffusion current is already known,4 all that biosensors. These are referred to as type A (microdisk) and type
remains is to show how the contribution of the solution B (microcylinder) electrodes.
resistance can be separated from the capacitive contribution Type A electrodes (Figure 2A) were prepared by heat sealing
to the impedance of the tip. 11- or 8-pnm-diameter carbon fibers (Amoco Performance Prod-

When the tip-auxiliary electrode cell can be represented ucta, Greenville, SC) in 2-mm-o.d. Pyrex capillaries. T"he tip of
by a simple series RC equivalent circuit, the in-phase and the electrode was then beveled to produce an SECM tip, as
quadrature components of the current are described previously.' The resulting tip geometry was an inlaid

znicrodisk electrode with aratio ofglasssheath diameter tocarbon
W2CdI2RV fiber diameter, denoted as RG. of ca. 2-3.

i,. 2 (12) The carbon microdiak was then coated with the electrically
1+ W Cd R2  wired enzyme. The coating solution contalr.-4 redox polymer 1,

enzyme (horseradish peroxidase), and crosslinker ftioly(ethyhene
iv (IOCdIV (13) glycol) (MW 400) diglycidyl ether] in aweiht ratio off.23.9d.1

1 + Wi2Cd2R2  The tip of the electrode was brought into contact with a drop of
the costing solution using a micronmanpulator and then with-

where w, Cdi, R, and V are the angular frequency, tip double- drawn. The solution was allowed to dry and form a roughly
layer capacitance, solution resistance, and magnitude of the 1-guim-thick film (estimated by optical microscopy) coating the
applied ac voltage, respectively. The normalized solution surface of the tip. The film was cured at ambient temperature
resistanze in eq 11 can then be calculated using in air for a minimumn of 2 days.

Type B electrodes (Figure 2B) were fabricated in a mne
.c,~)= i,()i~)(14) similar to a previously published procedure for glucose-sensing

wcdlRd) i(d)1i..,.d) nicroelectrodecm3  A 7-Mm-diameter carbon fiber wes inserted
After normalizing this by the value of resistance at large into a 2-mm-o.d. borosilicate glass tube, and the tube was pulled
distances, R(-) (i~e., distances greater than a few radii), a on a micropipet puller (Narishige Moedl PB-7) to yield a glas
plot of normalized conductance, R~W)R(d), vs distance, d, tip of approximately 20-,smi o.d. The glass tip was then partially

filled with a low-viscosity epoxy, leaving a mnicrocylinder as the

'33) Oldhama. K. B. J. Elect roanal. Chem. 198. 250 . 1 electrode surface, and was cured at 70 Covernight. The tip was
(34) Oldham. F_ B. in Microeiect rodes: Theary and Appiacations- then polished st an angle of 900 with amicropipet bevehr (Model

Monwseero Ki L, Quairme M. A.. Dasebbach. 1. L., E&ds; KIuw. BV-1O, Sutter Instrument Co.). frust on 1200-grit sand paper and
Ainasrdam. 1991: p 83. then on an extrafine diamond abrasive plate, to produce a smooth
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ca:bon surface. Electrical contact to the carbon fiber was made vacuum. polishing to expose a cross section, and then insrting
byfilling thetopofthetubewithmercuryandinsertingastainless them into a hole drilled in the ced be".
steel wire. Chemicals. Peroxidase (EC 1.11.1.7; Type 11, 200 units/mg

The carbon microcylinder was then coated in a manner similar of solid) from Horseradish (Sigma Chemical Co., St. Louis, MO)
tothe microdisktips. The tip of the microelectrode was pushed and glucose oxidae tEC 1.1.3.4; 122 units/mg of solid) from
into a 1-2-iL drop of the coating solution using a microman- Aspergullua niger were used as received. The cros-linkingagent
ipulator. The mixture was allowed to rise into the glass pipet [poly(ethylene glycol) (MW 400) diglycidyl ether] was obtained
and coat the fiber. After the mixture dried, the end of the glass from Polysciences, and the redox polymer, [polyi(vinylpyridine)-
micropipet was blocked by the redox polymer film. Again. the oemium(bipyridine)2 Cll derivatized with bromoethylaminel
film was cured at ambient temperature in air for a minimum oi shown in Figure 1, was synthesized as previously reported.'
2 days. Antimony shot (99.999%) was obtained from Aldrich. Fresh

Antimony microdisk electrodes for the measurement of pH solutions of hydrogen peroxide were made up for each experiment
near electrode surfaces with the SECM were prepared from bydilutionofaconcentrated commercial aqueoussolution (30%

antimony shot as described previously.10 The pH response of byvolume,Merck). Theconcentrationofthecommercialsolution
each electrode was calibrated using a glass electrode (Orion was checked by measuring the density. All other reagents were
Research, Model 701A, Boston, MA) in phosphate buffers. The purchased from Aldrich or Sigma.
sensitivity ofthe electrodes was -50 mV/pH unit, which is typical SECM Experimental Procedure. In general, the experi-
for polycrystalline antimony.- mental procedure involved bringing the biosensor tip close to

Platinum microdisk electrodes used for comparison were the sample surface and establishing the distance scale from the

prepared by sealing platinum wire (Goodfellow Metals Ltd., solution resistance (type A tips) or by deliberately touching the

Cambridge, UK) in glassasdescribedpreviously.' The reference surface with the tip (type B tips).

elec ewas a silver quasi-reference electrode For type A tips, the distance calibration was performed in I
electrode Glucs e elucose (AsE). mM KCL The in-phase and quadrature components of the

Immobilzed Glucose Oxidn&e, Glucose oxidae was im- current were monitored at a frequency of 10 kHz as the tip was
mbolhzed on a carbon surface usingr a technique similar to the top puhdtwr hsrfe.T ipwssoedwreh ea

preparation above. The enzyme, redox polymer, and cross-linker pushed toward the surface. The tip was stopped when the rea

[poly(ethylene glycol) (MW 400) diglycidyl ether) were mixed in component had decreased bye factor of roughly 2. The ip was

a weight ratio of 3:7-.0.5, and a drop of the solution was applied then withdrawn a known distance, disconnected from the lock-

to the surface of a 3-mm-diameter carbon disk electrode. The in amplifier, connected to the bipotentiostat, and held at a

mixture was allowed to cure in air at ambient temperature for potentialof -0.1 V vs AgQRE to detect peroxide Fresh pH 7
phosphate buffer was usually added to the cell at this stage The

--2 days. tip could then be pushed toward the surface to any desired tip-
Instrumentation. The basic SECM instrument used in this to-surface separation for imaging or electrochemical generation-

work has been described in dletail previously.m Briefly, a CE- detection experiments.
1000 micropositioning device (Burleigh Instruments, Fishers, For type B tips, the tip was positioned as close as possible to
NY), connected to a PC via a DAC, controlled the movement of the surface (-0.1 min) using a telescopic lens. Next, the tip was
three piezoelectric inchworm motors. The tip was mounted on connected to the bipotentiostat and very slowly (<0.5 am/s)
a three-axis translationstageand could be movedwith submicron pushed toward the surface until a sudden jump in the current
distance resolution under the control of the PC. The potentials indicated that part of the tip was touching the surface. In some
of the tip and, when necessary, the substrate were controlled by experiments, generation of a concentration profile of hydrogen
a four-electrode El-400 bipotentiostat (Esman Instrumentation. peroxide at the surface aided this step. A gradual inease in tip
BloomingtonIN). Thetipandsubstratecurrentaweredigitized current due to detection of peroxide was observed as the tip
and acquired by the PC using software written in-house (by D. approached the surface, the tip approach was then coutinued at
0. Wipf). a slower rate until a sudden increase in the tip current was

Admittance-impedance measurements at UME tips in the assumed to indicate electrical contact between tip and surface,
SECM were made with a lock-in amplifier (Princeton Applied and this point was taken as zero tip-to-surface separation. The
Research, model 5206, Princeton, NJ). The oscillator output of tip was then withdrawn to the required distance for imagin or
the lock-in was connected directlytothesubstrate ortoaplatinum electrochemical experiments.
or silver/silver chloride auxiliary electrode. The tip was held at For potentiometric SECM experiments with antimony tips,
virtual ground, and the current was measured with a high- the antimony tip potential was poised at a value where reduction
frequencycurrent follower. The real and imaginary components of oxygen is diffusion controlled, and a current-distance curve
of the tip current as measured by the lock-in amplifier were fed corresponding to the case of an insulating substrate was recorded
into the ADC and collected by the PC. as reported previously.'0 The antimony tip was then reoxidixed

A high-impedance bufferaswas used for potentiometric SECM by returning the tip potential to 0 V for a f+ seconds to restore
measurements with antimony pH-sensing tips. To avoid prob- the pH function. The tip could then be connected to the high-
lems arising from the interaction of the ground of the EI-400 impedance buffer for potentiometric measurements.
bipotentiostat and the ground of the high-impedance buffer, the
substrate electrode was connected to channel B of the bipoten- RESULTS
tiostat and an external potential source (PAR 173 potential
programmer) was used to run cyclic voltammograms. In this Characterization of Tips. Figure 3 shows a current-
configuration, the reference electrode was at virtual ground and concentration calibration for a type B tip. A linear depen-
the potential of the tip could therefore be measured with respect dence of current on hydrogen peroxide was found up to - 100
to the same reference electrode used by the bipotentiostat. Tip AM (inset). If the active area of the tip is taken as roughly
potential and substrate current data were acquired simulta- the same as the cross-sectional area of the end of the tip, a
neously by the PC using the SECM software. sensitivityof0.75 AM-' cm-2 i obtained. Thisisinreftonable

Ceal and Substrate Electrodes. The cell (volume ca 4 agreement with the value of I A M-c cm-i found for
mL)t°• was machined from Teflon material, and the base was acreeenpit the vale of 1 a enzcme fnd for
threaded to allow easy removal and exchange of different cell macroscopic electrodes based on the same enzyme and redox
bases containing various substrate electrodes. polymer-,M the discrepancy is mainly due to the uncertainty

Glassy carbon substrate electrodes were made by heat-sealing in the correct value of the area to be used in the calculation.

3-mm-dismeter rod directlyintos Teflon cellbase using standard Type B tips exhibited a slowly decaying background current,

techniques. Gold substrate electrodes were made by first sealing probably due to the redox process of parts of the polymer in
450-pm-diameter wire in 2-mm-o.d. soft glass capillaries under poor electrical communication with the carbon fiber. This

current was of the order of 10 pA after a few minutes at the

(35) Glab, S.; Hulsaiki, A.; Edwall, G.; Ingoman. F. Crit. Rev. Anal.
Cham. 189. 21, 29. (37) Gregg. B.; Haller, A. J. Phys. Chem. 1"l. 95.5976.

(36) Wipf, D. 0.; Bard. A. J. J. Electrochem. Soc. 191, 138. 469. t38) Vreeks, M.; Maidan, P.; Heier. A. Anal. Chem. 1••. 64, 3084.
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potential of -0.1 V ve AgQRE used for peroxide detection. exprkmar an line is thsory.
Although type A tips showed smaller background currents,
of the order of a few picoamperes, they produced - 10 times resistance to the impedance decreases. Moreover, the method
Il current for a given concentration of peroxide. A crude of data analysis outlined in the theory section depends on the
estimate of the response time of the tips was made by Asumption of a simple RC series equivalent circuit, Le., with
monitoring the current on addition of peroxide to a stirred no faradaic process. To some extent thes problem can be
solution. Both type A and B tips showed simila response overcome by the use of low-conductivity solutions and high
times, reaching 80% of the steady current in approximately frequencies so that the contribution of the solution resistance
1-2 s; these values are close to those reported for glucose to the impedance is maximized.
microelectrodes of similar design.20 The advantage of this method is that it works equally well

Distance Calibration. Figures 4 and 5 show approach for insulating and conducting surfaces and could even be uasd
curves of conductance against distance for bare platinum to distinguish regions of different conductivity on a surface
UME tips over glassy carbon and Teflon substrates, respec- in exactly the same way as amperometric SECM. A further
tively. These approach curves were recorded in a 1 mM KCI advantage is the relative insensitivity to the presence of a
solution, since the UME double-layer capacitance dominates thin polymer film on the tip. This is shown in Figure 6, the
the impedance of the system in solutions of high ionic strength. approach curve for a type A biosensor tip overa giasy carbon
Although the agreement with theory is excellent, this method surface. The agreement with theory i still sufficiently good
of approaching the surface suffers from the limitation that to allow calibration of the tip-to-surface distance with an
as the tip becomes smaller, the double-layer capacitance accuracy better than 1 jam. The presence of the polymer film
decreses and the relative contribution of the solution on the tip increased the measured capacitance by a factor of
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Table I. Pathways of Electrochemical Reduction of oxygen.A Alternatively, the intermediates (O02-, HO2', or

Oxygen peroxide) may be strongly adsorbed on the surface and
electrode reduced to water before they desorb.M Furthermore, platinum

potential/ V is known to catalyze the disproportionation of hydrogen
reaction vs NHE"' peroxide to water and oxygen (g), and therefore, it has been

02 + 2H 20 + 4e - 40H- +0.401 suggested that the rate of hydrogen peroxide decomposition
b 02 + 4H÷ + 4e- - 4H 20 -1.229 isas fast asita rate of formation. With goldand glasycarbon
C 02 + H20 + 2e- - HO2- + OH- -0.065 electrodes, however, hydrogen peroxide is formed as a stable
d HO2- + H2O + 2e - 3OH- --0.867 intermediate at any pH.42 .43 Parts A and B of Figure 7
e 02 + 2H+ + 2e- - H20 2  +0.67 illustrate the results of substrate generation-tip detectiont" H202 +2H÷+ 2e- •2H 2 O +1.77
f •2202 + 2Hi0 + O2 catalH decomp experiments using a peroxide-sensing UME tip close to carbon

and gold substrate electrodes reducing oxygen in phosphate
buffer solutions. The tip potential (with a type A or type B

-2, possibly due toa change in effective area. No significant tip) was held constant at -0.1 V vs AgQRE (ca. +0.1 V vs
difference in resistance between coated and uncoated tips SCE) to detect hydrogen peroxide, and the substrate potential
was observed, and therefore, no correction for this was applied. was slowly swept into the region where oxygen is reduced. As
The signal-to-noise ratio for coated electrodes in resistance the substrate begins to reduce oxygen, for both electrodes at
measurements was poorer than for uncoated ones for reasons potentials more negative than ca. -0.3 V, the tip current rises
that are not clear, because of detection of hydrogen peroxide in the diffusion

Unfortunately, although type A tips could easily be layer. Eventually, the tip current decreases again as the
positioned close to a surface using this method, only - 10% substrate potential becomes sufficiently negative to reduce
of these tips functioned well as biosensors. The reason for the hydrogen peroxide to water. This is clearly seen in the
this was the poor adhesion of the polymer to the glass. The case of glassy carbon (Figure 7A), where two separate, drawn-
swelling of the polymer in solution often resulted in loss of out waves are seen in the forward scan of the substrate
polymer from the tip. For this reason, type B tips were voltammogram corresponding to potentials where the tip
constructed and were found to function as biosensors much current rises and falls. The rise in peroxide detection current
more reliably. However, the geometry of these tips does not on the reverse scan occurs at roughly the same potential (-1
allow the use of the above theory for the conductance-distance V) as the fall in tip current on the forward scan, confirming
measurement. Instead, the distance was determined by the identification of the two waves in the substrate volta-
deliberately touching the tip to the conductive surface as mmogram as the reduction of oxygen to peroxide and
described in the Experimental Section. Although this method reduction of peroxide to water, respectively. This also shows
could be used to calibrate a conductance-distance curve, it that the decrease of the peroxide detection current on the
was carried out with the tip under potentiostatic control for forward scan reflects a potential-dependent proems and is
convenience. This method of distance calibration has several not due to a slow, time-dependent process, elg., catalytic
disadvantages, the most obvious being the possibility of decomposition. The time lag for the rise of the tip current
damaging the tip, and indeed, it was necessary to use very on the reverse scan is due to the slow diffusion ofoxygen from
slow scan rates, 0.5 Mm/s or less, when approaching the the bulk solution to the carbon surface, and the slow decay
substrate. Moreover, this method only works with conductive of the tip current at the end of the reverse scan is due to the
substrates. relaxation of the concentration profile of hydrogen peroxide

Electrochemical Reduction ofOxygen. The mechanism between the carbon surface and the bulk solution. These
of the electrochemicalreduction ofoxygen has been intensively results demonstrate that the tip is functioning and are in
studied.13-24 The reaction is complex, because it involves agreementwith previous rotating ring-disk studieson carbon
multiple electron- and proton-transfer reactions and proceeds electrodes.23
through a series of high-energy intermediates, e.g., 02*-, and
H0 2', with the more stable intermediate H20 2 also frequently In the case of gold (Figure 7B), the process is more complex.

formed. In aqueous solution, the mechanism depends on On the forward (0 to -1.7 V) scan, the tip current rises because

electrode material pH, electrode potential, electrode pre- of the reduction of oxygen to peroxide beginning at -- 0.2 V

treatment, and purityof thesystem.U4 A fewofthe processes on the gold substrate (inset on substrate voltammogram). As
often found in the main overall reduction are shown in Table with carbon, the decrease in tip current at -1.0 V is due to

1. Reactions of radical intermediates such as OH', 02-, a-nd reduction of peroxide to water. The wave for the reduction

H0 2' are not considered because their lifetimes are too short of peroxide cannot be distinguished on the Au voltammogram,
in aqueous solution to be detected in the SECM experiments because it merges with the large reduction wave (discussed
reported here. Rotating ring-disk studies have demonstrated below) attributed to buffer reduction. However, the tip

the presence of hydrogen peroxide as a stable inter- current does not decrease to zero, but plateaus at -18 pA
mediate.2•-WO-Q These investigations have shown that, on beginning at -1.2 V, indicating that peroxide reduction on
most electrode materials (other than platinum), the hydrogen the gold surface is blocked. Two plausible explanations for
peroxide pathway (c-f) accounts for essentially all the current this behavior are fouling of the electrode surface or a shift to
On platinum electrodes in acidic solutions at low overpo- higher pH at the gold surface, which could reduce the rate

tentials, no hydrogen peroxide is detected, leading to the of reduction of peroxide. To test this, the pH near the gold
proposal that oxygen is reduced to water without a peroxide surface was directly measured using an antimony tip under
intermediate (b) perhape via dissociative adsorption of the same conditions (Figure 7C). The small apparent rise in

pH at-0.3 V in Figure 7C is due to depletion of oxygen, which
(39) Damjanovic, A.; Genahaw, N.; Bockuis, J. O'M. J. Chem. Phys. causes the rest potentialofantimonytobecomemoreegative.

1966, 45. 4067. Despite this interference, Figure 7C clearly shows that the
(40) Damianovic, A.; Gerahaw, M.; Bopkriss J. sni t J. Electroahem.

Soc. 1966, 113. 1107; 167, 114,4ft pH increases significantly only at potentials more negative
(41) Muller. L.; Nekrasov. J. Electroonal. Chem. 1965, 9, 282. than -- 1.5 V (where water reduction occurs) and therefore
(42) Genshaw. A A.; Damjanovic, A. Bockris, J. O'M. J. Electroanal. cannot account for the blocking of peroxide reduction at -1.2

Chem. 1967,15. 163.
(43) TaresevichlL .R.; Subirov, F. Z.; Mertaslove, A. P.; Burstein, KIL VinFigure7B. This sharp pH increase dos howeveracount

Electrokhim . 168. 4, 432, 1959, 5, 606: 1170, 6. 1130. for the drop in peroxide detection current at -1.5 V, which
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is likely due to deactivation of the enzyme at such a high pH. pH in the range 4.5-7.5. Outaide this range, however, the
ThepHdependenceofamacroacopichorseradishperoxidase enzyme is deactivated, losing 90% activity by pH 10.5 but
electrode is consistent with this interpretation (Figure 8). recovering on returning to lower pH. The plateau in the tip
The peroxide detection current is roughly independent of current in the potential range -1.2 to -1.5 V (Figure 7B)
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FiW 6. PH dependence of a macroscopic horseradish peroxidase
electrods. The electrode used was a 3-4mndiniter glassy caron
disk coated with horseradish peroxidase in redox polymer 1. The
soltion contained 0.12 mM hydrogen peroxide, and the electrode 20.O&m
potental was 0 V vs SCE.

Figure S. Image of the concentraton proffie of hydrogen peroxide

corresponds to the large reduction wave on the gold substrate. around a 25-Amn<dameter pla*tkn macrodisk in a sokftn of 0.68 rnM

This wave is absent in solutions containing only KCI as hydrogen peroxide and 0.2 M pH 7 phosphate butffer.

electrolyte, but appears on addition of phosphate buffer and profile around the disk. This image was taken with a type
is therefore attributed to reduction of buffer anions (e.g., B tip, and the poor orientation of the tip and surface could
H2PO0-) to hydrogen. It is tentatively suggested that the
electrodeonly be avoided by making multiple tip crashes for distance
this reaction and that this inhibits the reduction of peroxide determination. Obviously this procedure is not satisfactory.

in this potential range, although other mechanisms cannot However, the response of type B tips to peroxide was more

be ruled out on the basis of the available data. A similar stable, and nearly all type B tips prepared had a usable
effect has been reported for the reduction of hydrogen response to peroxide, whereas type A tips did not show a
peroxide on germanium, and the decrease in reaction rate stable response to peroxide for the long periods of time (30
was interpreted as being due to the adsorption of hydrogen mm to I h) required to collect these images. Despite the lack
atoms on the active sites for peroxide reduction.4o During of a completely satisfactory distance calibration, type B tips
tho onvthe scan in Figure 7s , the current rises in the range could be used in a qualitative way to image catalytic activity.

-1.0 to -0.3 V because the potential is no longer sufficient to FigurelOAisanimageofthedistribution hydrogen e

reduce peroxide, and finally, the tip current falls again at in the diffusion layer of a glassy carbon electrode which was

potentials greater than -0.3 V, where oxygen is not reduced, partially covered with platinum. This surface wa prepared

because of diffusion of peroxide away from the surface to the by electrodepositing platinum onto a 3-mm-diameter glassy
bulk solution. For comparison, the experiment was repeated carbon disk from a solution of hexachloroplatinic acid in 0.1

using a platinum UME as a detector, as shown in Figure 7D. M HCI at a potential of -0.5 V vs Ag/AgCl This resulted in

The platinum tip, held at a potential where H20 2 oxidation an uneven distribution of platinum islands partially covering

occurs, responds to the production of hydrogen peroxide, but the surface. The platinum deposit was cleaned by potential

at potentials corresponding to the reduction of the buffer or cycling in 0.5 M H2SO 4 until the characteristic hydrogen
water; the peroxide detection current is obscured by a large adsorption-desorption peaks were obtained. The dark area

anodic current due to oxidation of hydrogen produced by in Figure 10A (low tip current) shows a region covered with

these processes. The increase in detector current seen at platinum where oxygen and hydrogen peroxide are reduced
-- 1.2 V confirms the identification of the large plateau in to water. The light area is the bare carbon surface where
the substrate current at -1.2 to -1.5 V in Figure 7B as the peroxide is a stable intermediate in the reduction of oxygen.
reduction of buffer anions to hydrogen and also demonstrates A small dark spot visible in the upper right-hand corner of
the selectivity advantage of the biosensor tip, which is almost the image suggests the presence of a small, ca. 10-wm, platinum
insensitive to the presence of hydrogen. particle. Figure 1OB shows an optical micrograph of the

Imaging Catalytic Activity. In addition to being a tool surface; unfortunately, it was not possible to determine the
for studying reaction mechanisms, SECM can be used to image part of Figure iOB scanned in Figure LOA because of the lack

catalytic activity. This is demonstrated for two systems. of structure in the SECM image. However, a comparison
Figure 9 shows an image of the hydrogen peroxide detection with the optical micrograph of the surface shows an important
current over an unbiased platinum microdisk in a solution of aspect of the technique, that only isolated sinks (or sources)
hydrogen peroxide. The glass insulator is inert to peroxide, can be resolved. The main platinum region is composed of
but the platinum surface catalyzes the disproportionation of smaller islands that are so close together that their diffusion
hydrogen peroxide to oxygen and water, as in Table Ig above, layers overlap and are not distinguished in Figure OA. This
Far from the platinum disk, the peroxide concentration is limitation is inherent to versions of SECM relying on
constant, but decreases as the tip moves over the region near generation of an electroactive species by the surface under
the platinum surface. The image is elongated in a direction study1 ° and to fluorescence imaginge where a fluorescence-
perpendicular to the scanning motion of the tip. A possible inducing species is generated, but is less important in feedback
explanation of this is that the sample surface is tilted with SECM experiments where the resolution is determined only
respect to the plane in which the tip was scanned. This results by the tip size.-.8 In comparison with fluorescence imaging,
in the tip observing an elliptical section of the concentration the imaging technique with the enzyme electrode is very slow,

requiring 30 min or more to scan a 300-mm by 300-pMm region.
144) Gerischer. H.; Mindt. W. Surf. Sci. 1966. 4, 440. This is due to the relatively slow, 1-2 s, response time of the
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discussed in the previous section, the distribution of enzyme could make measurements with p. or carbon detector
in this polymer isquite uniform, in contrast to the observations electrodes uncertain. In prnciple, ýi.ý v enzymatic oxidations
of Wangand co-workers for the case of glucose oxidase trapped can be studied without the need to add additional redox
.n polypyrrole.A Figure 12 shows a scan across the boundary mediators (amperometryv) or fluorescent dyes (fluorescence
of the polymer-enzyme-coated region and the bare carbon imaging).
iurface. where the current drops to a constant low value over ACKNOWLEDGMENT
a distance range of roughly 100 am. The help of Dr. D. 0. Wipf in building the high-frequency
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there are three main advantages over rotating ring-disk

techniques. These are the excellent selectivity for hydrogen LIST OF SYMBOLS
peroxide over other electroactive compounds, the high electrostatic potential
sensitivity, and the possibility of imaging distributions of
catalytic activity on the surface. However, these sensors have K current density, A cm-2

a restricted useful pH range (ca. 4-8); moreover, the substrate C solution conductivity, S cm-'
generation-tip detection mode of operation is not convenient c concentration, mol cm-
for quantitative measurements requiring a well-defined iT(d) SECM feedback current density, A cm-'
collection efficiency or for high-resolution imaging. The D diffusion coefficient, cm 2 s'-

sensors have a relatively long response time, which restricts d tip-to-surface distance in units of tip radius
the scanning rate of the tip across the surface and hence a tip radius, Mim

increases the time required to obtain an image. This restricts Rld) solution resistance as a function of d
the technique to imaging of steady-state concentration C41 tip double-layer capacitance
profiles. From the various studies carried out with the tip W angular frequency of ac voltage
described here (see, e.g., Figure 10A), we judge the resolution V magnitude of ac voltage
attainable with this technique to be of the order of tens of i- in-phase component of ac current
micrometers. iW quadrature component of ac current

The technique has promise in the study of enzymatic
systems where the presence of many electroactive components RECEIVED for review June 28, 1993. Accepted September

28, 1993.*
(45) Yaniv. D. R.; McCormick. L.; Wang, J.; Naser, N. J. Electroanal.

Chem. 1"i, 314. 353. *Abutract pubished in Advance ACS Abstracts, November 1, 1993.
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FRpfe 11. Current-relative distance curve for a typeB Uproedtig
toe surface of a glassy carbon disk coated w13 I nmoblized glucose
oxldma. The solut contained 1 mM glucose and ai-asuraled 0.2
MpH7 phosphate buffer. The whole aproaol curve (lbmltd by to
msJxikmwn plazo travel of -475 gMn) Is shown.

Pe.r 10. (A) Imgeoftheconcenbaldonprof soffihrogfl peroxide 2.1- --

ne lhe seurface of a glassy carbon-p•lturn composite. The soluion
contained al.4atustod 0.2 M pH 7 phosphate buffer. and the potential -2.0.

of lhe glassy carbon substrate was -1.0 V vs Ag(PE. The Up to 1.91
surface distance was -•20 Aum. The wh•e scaie bens Indicte 25 om.
(8) Optical mlcroraph of the stxfec of oe gly carbon-platlnumn -1.8
composite from (A). The photograph shows an ares ca. 500 g m
across. Darker arms are electrodeposited Pt. 2-

E 1.6-
tips which necessitates the use of scan rates of 5 Mm/s or less.
However, the technique does have the ability to provide . -

concentration profiles normal to the surface instead of 1 i-

integrating over a light path.

Enzymatic Oxygen Reduction. Hydrogen peroxide is 2
formed in several oxidase-catalyzed oxidations of substrates 1) o.0o ,00.0 50.0 200.0 250.0 300.0 350.0

by oxygen.28 A simplified scheme for glucose oxidation diste i m
catalyzed by glucose oxidase is shown below-. _ _ __

GOox + 3-D-glucose - GOd + D-gluconolactone t 15)

GO.d + O. - GOo, + H.O. (16) i
"0 ."A

Therefore an attractive possibility for assaying enzyme GCA oX m / poldyms I
activity on a small (length) scale is the measurement of the
hydrogen peroxide produced. This is easily done using the Figur 12. Line scan across the edge of an knwnobuzed glucose
peroxide-sensing tips described here. Glucose oxidase was oxidase layer. At distances greater than cm. 300 M to tie p i above

immobilized on a glassy carbon disk (ca. 3-mm diameter) by a bare carbon suface. The solution contined 1 mM glucose and

trapping in the same polymer as used for the tip. The at-sauxated 0.2 M pH 7 phosphate buffer.

immobilized glucose oxidase was placed in air-saturated pH
7.0 phosphate buffer and 1 mM glucose was added. After the large size of the carbon disk used as substrate. The sharp
allowing the enzyme to generate hydrogen peroxide via decrease in tip curreat is due to the tip blocking diffusion of
reactions 15 and 16 for a few minutes, a quasi-steady-state glucose and oxygen to the immobilized glucose oxidase on
concentration profile of hydrogen peroxide developed at the the carbon surface under the tip when the tip is close to the
surface of the carbon disk. Figure 11 sho':ra an approach surface; the small increase that follows may indicate the tip
curveof tip current against distance over immobilized glucose touched the surface. On scanning the tip over the middle of
oxidase in a solution of glucose. The tip current rises slowly this surface (not shown), the measured peroxide concentration
over a distance of several hundred micrometers because of was constant within - 10%. indicating that, with the proviso
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Electron Transfer between Glucose Oxidase and Electrodes via
Redox Mediators Bound with Flexible Chains to the Enzyme
Surface
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Abstract: Electrical communication between redox centers of glucose oxidase and vitreous carbon electrodes is established
through binding to oligosaccharides, at the periphery of the enzyme, ferrocene functions pendant on flexible chains. Communication
is effective when the chains are long (>10 bonds), but not when the chains are short (<5 bonds). When attached to long
flexible chains, the peripherally bound relays penetrate the enzyme to a sufficient depth to reduce the electron-transfer distances
between a redox center of the enzyme and the relay and between the relay and the electrode, thereby increasing the rate of
electron transfer.

Introduction ferrocenes, to electrodes. This process is rapid only when the
The redox centers of many enzymes are electrically insulated spacer chain is sufficiently long to allow the ferrocene to penetrate

by thick protein or glycoprotein shells, preventing direct electrical the enzyme sufficiently to approach the redox center.
communication between the centers and electrodes. The rate of
electron transfer' between a redox center of an enzyme and an Experimental Section
electrode is controlled by (a) the distance between the redox center Chemicals. Glucose oxidase type X (EC 1.1.3.4, from Aspergillus
and the electrode, (b) the potential difference between the redox niger, 128 units mg-'), sodium m-periodate, sodium boron hydride, 3-
center and the electrode, and (c) the reorganization energy as- methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH), 1,2-
sociated with the electron transfer.2 For enzymes such as glucose ethylenediamine, 1,3-diaminopropane, 1.6-diaminohexane, 1.8-diamino-
oxidase, with buried redox centers, diffusing redox mediators octane, 1,10-diaminodecane, and diethylenetriamine were purchased from
including O2/H2023 and ferrocene/ferricinium derivatives4 have Sigma; ferrocene carboxaldehyde (98%) was obtained from Aldrich.
been used to shuttle electrons between enzyme redox center and (Aminoethyl)ferrocene was synthesized according to literature" and

electrodes. Leakage of ferrocene/ferricinium mediators from precipitated as the chloride salt. All other chemicals were of the best

thin-film enzyme electrodes leads to their deterioration.5 Leakage available grade and used without further purification. Unless otherwise
noted, all experiments were performed at room temperature in a standard

can be avoided through the use of soluble diffusing high molecular aqueous buffer solution containing 100 mM phosphate and 200 mM
weight redox mediators, such as ferrocene-derivatized bovine serum NaCI at pH 7.2.
albumin6 and ferrocene bound to high molecular weight poly- FJectrodes and Equipment. Electrochemical measurements were per-
(ethylene glycol)7 that can be confined within membranes having formed with an EG&G Princeton Applied Research 175 universal pro-
sufficiently small pores. grammer, a Model 173 potentiostat, and a Model 179 digital coulometer.

Direct, i.e., not diffusionally mediated, electrical communication The signal was recorded on a Kipp and Zonen Y-Y-Y' recorder. Glassy
between a buried redox center of an enzyme and an electrode can carbon rods (Sigradur, 3-mm diameter) sealed with epoxy resin into glass

be achieved through insoluble, electrode-attached redox polymers
that penetrate the enzyme sufficiently deeply for electron ex-
change.' This route provides the significant advantage of elim- (I) Heller, A. Ace. Chem. Res. 1990, 23, 128.
inating the need for membrane containing the soluble macro- (2) Marcus, R. M.; Sutin, N. Biochim. Biophys. Acta 1985, 81, 265.

(3) Clark, L. D., Jr.; Lyons, C. Ann. N.Y. Acad. Sci. 1962, 102, 29.
molecular mediator. Yet another way to establish direct electrical (4) (a) Aleksandrovskii, Y. A.; Bezhikina, L. V.; Rodionov, Y. U. Biok-
communication between a buried redox center of an enzyme and himiya 1981, 708. (b) Kulys, J. J.; Cenas, N. K. Biochim. Biophys. Acta
an electrode is through covalently binding to the protein of the 1983, 744, 57. (c) Senda, M.; Ikeda, T.; Hiasa, H.; Miki, K. Anal. Sci. 1956,
enzyme (well below its "periphery") electron relays.9 For example, 2, 501. (d) Cass, A. E. G.; Davis, G.; Green, M. J.; Hill, H. A. 0. J.

Electroanat. Chem. 1985, 190, 117. (e) Cass, A. G.; Davis, G.; Francis, G.in glucose oxidase, a rather rigid glycoprotein with two identical D.; Hill, H. A.; Aston, W. J.; Higgins, i. J.; Plotkin, E. V.; Scott, L. D. L.;
polypeptide chains and a hydrodynamic radius of -50 A, the Turner, A. P. F. Anal Chem. 1964,56,667. (f) Kulys, J. J. Biosensors, 1966,
distances involved in electron transfer between the active sites and 2, 3. (g) Albery, W. J.; Bartlett, P. N.; Cass, A. E. G. Philos. Trans. R. Soc.
the electrode are shortened upon binding 12 or more ferrocene- London B 1987, 316, 107.

(5) Schuhmann, W.; Wohlschlager, H.; Lammert, R.; Schmidt, H.-L.;carboxylic acid functions, through amide links, to the enzyme. Loffler, U.; Wiemhofer, H.-D.; Gopel, W. Sensors Actuators B 1995, 1. 571.
Replacement of ferrocenecarboxylic acid by ferroceneacetic acid (6) Mizutani, F.; Asai, M. Denki Kagaku 1983, 56, t 100.
or ferrocenebutanoic acid enhances the kinetics of electron (7) Schuhmann, W., unpublished results.
transfer.'- In the preparation of materials for affinity chro- (8) (a) Degani, Y.; Heller, A. J. Am. Chem. Soc. 1969, II, 2357. (b)

t r erdox-active species of enzymes, such as NAD+/ Gregg, B. A.; Heller, A. Anal. Chem. 1990, 62, 258. (c) Pishko, M. V.;matography sc oKatakis, L; Lindquist, S.-E.; Ye, L.; Gregg, B. A.; Heller, A. Angew. Chem.,
NADH, are bound to supports with long and flexible spacer chains. Int. Ed. Engi. 1990, 39, 82. (d) Hale, P. D.; Inagaki, T.; Karan, H. I.;
Such chains facilitate access of the active species to their specific Okamoto, Y.; Skotheim, T. A. J. Am. Chem. Soc. 1989, I1I, 3482.
binding sites.'0  (9) (a) Degani, Y.; Heller, A. J. Phys. Chem. 1957,91, 1285. (b) D[gani,

Y.; Heller, A. J. Am. Chem. Soc. 1988, I1O, 2615. (c) Heller, A.; Degani,
We report here the modification of glucose oxidase by covalently Y. In Redox Chemistry and Interfacial Behavior of Biological Molecules:

binding of ferrocene derivatives, via spacer chains of different Dryhurst, G., Niki, K., Eds.; Plenum Press: New York, 1988; p 151. (d)
lengths, to sugar residues on its outer surface. We show that the Bartlett, P. N.; Whitaker, R. G.; Green, M. J.; Frew, J. J. Chem. Soc., Chem.
length of the spacer chain has a crucial influence on the eclc- Commun. 1987, 1603.

(10) (a) Mosbach, K.; Guilford, H.; Ohlsson, R.; Scott, M. Blochem. J.tronxidation of the enzyme, i.e., on electron transfer from the 1972, 127, 627. (b) Schmidt, H.-L.; Grenner, G. Eur.J. Biochem. 1976,67,
reduced active site of the enzyme, via the spacer chain attached 295. (c) Grenner, G.; Schmidt, H.-L.; Voelkl, W. Hoppe-Seyler's Z. Phystol.

Chem. 1976, 357, 887.
'Teahnisel Universitit MOnchen. (11) Lednicer, D.; Lindsay, J. K.; Hauser, C. R. J. Org. Chem. 195• 23,
'The University of Texas. 653.
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Figure 1. Synthesis of ferrocene amines with spacer chains separating the redox and amine functions.
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Filgre 2. Preparation of glucose oxidase modified by peripherally bound ferrocenes.

were polished prior to use on a polishing cloth sequentially with alumina periodate according to established procedures.=2 The ferrocenes were
of decreasing particle size (1, 0.3,0.5 pm), sonicated, rinsed with distilled attached to the aldehyde groups formed thus on the outer enzyme surface
water, and then dried in air. A single-compartment electrochemical cell via Schiff bases, which were reduced with sodium borohydride subse-
was used with an aqueous KCI/saturated calomel (SCE) reference quently (Figure 2). The modified enzyme was isolated from low mo-
electrode and a platinum counter electrode. All potentials are referred lecular weight compounds and desalted by gel chromatography (Sepha-
to this reference electrode (+244 mV vs NHE). dex G25 equilibrated with water; column 2.5 cm X 20 cm). The volume

Syutbasis of Ferroceme Derdvatives, The ferrocene derivatives with was reduced by means of ultrafiltration through a membrane (Amicon
different spacer lengths were synthesized as shown in Figure I. A 4-fold PM30, MWCO 30000), and the modified enzyme was freeze-dried. To
excess of the appropriate diamine was heated in 100 mL of DMF to 100 verify that the unreacted ferrocenes were not electrostatically bound to
*C, and 500 m8 of ferrocenecarboxaldehyde dissolved in 50 mL of DMF the enzyme, the freeze-dried product was redissolved and extracted with
was added dropwise within I h to prevent formation of the bridged copious amounts of a solution containing 0.1 M phosphate and 0.1 M
diferrocene compound. After another hour an excess of sodium boro- NaCI at pH 7.1 in an ultrafiltration cell. After refreeze-drying, the
hydride in water was dropped into the solution, and the reaction mixture electrochemical characteristics of the modified enzyme were unchanged,
was stirred for an additional hour at room temperature. The solvent confirming the absence of noncovalently bound ferrocenes. Determina-
mixture was rotavaporated to dryness and the residue extracted with tion of the amount of aldehyde groups at the enzyme surface was per-
dichloromethane and separated through a silica column (1.5 cm x 30 formed by a procedure of Sawicki et al.' 3 The activity of the lyophilized
cm). A first fraction--the bridged diferrocene-was eluted with di- enzymes was deterined spectrophotometrically by the o-dianisidine/
chloromethane, the main fraction with dichloromethant/methanol 10:1. peroxidase assay.14 The labeling of the enzyme with ferrocenes was
The solvent was evaporated to dryness, the residue dissolved in diethyl
ether, and the hydrochloride precipitated by bubbling gaseous hydro- (12) (a) Nakant, P. K.; Kawaoi, A. J. Histochem. Cytoheem. 1974, 22,
chloric acid through the solution. All compounds show the expected IN 1084. (b) Nakamura, S.; Hayashi, S.; Kosa, K. Blochim. Blophys. Acta 197",
NMR spectra. 445, 294.

Prtepaatl of Ferocme-Modifled Gbmeose Oxidas.. The oxidation (13) Sawicki, E.; Hauser, T. R.; Stanley, T. W.; Elbert, W. Anal. Chem.
of the enzyme-bound sugar residues was performed with sodium m- 19%1, 33, 93.
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Talde I. Effect of the Spacer Chain Length on the Catalytic Current of Ferrocene-Modified Glucose Oxidase
rel enzyme

no. compound bonds i4.,' nA lFcj].b i.,,/lFc],, activ 1021'

I Enz-CH 2-NH-(CH 2)2-NH-CH 2-Fc 7 200 1.50 * 0.20 400 + 160 0.27
2 Enz-CH 2-NH-(CH2 )3-NH-CH 2-Fc 8 1010 1.00 4k 0.10 1010 * 100 0.38
3 Enz-CH 2-NH-(CH2 )6-NH-CH 2-Fc II 1190 1.00+ 0.10 1190 1 120 0.45
4 Enz-CH 2-NH-(CH 2)8-NH-CHZ-Fc 13 2800 1.00 :k 0.10 2800 + 280 0.41
5 Enz-CH2-NH-(CH2)10-NH-CH2-Fc 15 2680 1.00 + 0.10 2680 1270 0.49
6 Enz-CH 2-NH-(CH 2)2-Fc 5 460 0.75 k1 0.25 600 * 200 0.33
7 Enz-CH 2-NH-[(CH2) 2-NH] 2-CH 2-Fc 10 3200 1.00 A: 0.10 3200 :k 320 0.36

"Catalytic glucose oxidation current on 3-mm-diameter glassy carbon electrodes at 0.35 V (SCE). bCoulometrically determined relative number
of ferrocenes per enzyme. 'Hydrogen peroxide rate of formation, measured relative to the native glucose oxidase rate.
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Figwe 3. Effect of the chain length connecting peripherally bound ferrocene to glucose oxidase on the electrocatalytic glucose oxidation current. Curves
a represent oxidation currents in the absence of glucose; curves b represent currents at 40 mM glucose. All solutions contain 2 mg mL-1 of one of the
modified enzymes, 0.1 M phosphate buffer (pH 7.2), and 200 units/mL-1 catalase; 3-mm-diameter glassy carbon disks; all potentials vs SCE; scan
rate 10 mV s-1.

evaluated by atomic absorption spectroscopy and by coulometry. similar to that of the hydrazones of the oxidized enzyme, we
estimate 6.4 aldehyde groups per enzyme molecule." However,

Results and Discussion because polysaccharides do not react as completely as mono-

Synthesis of Ferrocene-Labeled Glucose Oxidase. Glucose saccharides with this hydrazone, and because the extinction
oxidase (EC 1.1.3.4 from Aspergillus niger) is a dimer glycoprotein coefficient for the aldehydes derived from mannitol is higher than
with a molecular mass of 186 000 daltons. The oligosaccharide that of other sugars, this estimate may be low. The functionalized
chains, which form a hydrophilic periphery, represent - 12% of enzyme used for the covalent binding of the different ferrocene
its weight. Oxidation of these with periodate' 2 has been used to compounds showed an activity of 66 units mg-'.
provide peripheral aldehyde groups for the immobilization of As the rate of electron transfer decays exponentially with the
glycoenzymes to polymeric supports's or to electrode surfaces.16  distance of the involved redox centers, a significant influence of
Analogously, we have now applied this method to bind ferrocene the spacer length between enzyme surface and relay on the
derivatives with different spacer lengths to the surface of glucose electron-transfer properties of the modified enzyme in question
oxidase. The periodate oxidation of glucose oxidase was inves- was expected. To evaluate the effect of chain length on the
tigated with respect to the number of aldehyde functions obtained effectiveness of electron transfer to electrodes, we prepared the
and the decrease of enzymatic activity during the reaction. As series of ferrocene-derivatized enzymes shown in Table I (com-
expected, the aldehyde concentration increased when the reaction pounds 1-7). The amino-functionalized ferrocene derivatives have
times were longer and the enzymatic activity decreased. Optimal been synthesized through the reaction sequence shown in Figure
results were obtained at a reaction time of I h and a periodate I and purified by column chromatography. Following 104- ox-
concentration of >20 mM, the conditions of our experiments. The idation of the oligosaccharide residues on the enzyme, the resulting
number of aldehyde groups, introduced upon oxidation with 20 aldehyde groups were reacted with ferrocene amines, to form
mM sodium periodate, was determined spectrophotometrically Schiff bases. These were reduced with NaBH 4 to the secondary
after its reaction with 3-methyl-2-benzothiazolinone hydrazone amines (Figure 2). Binding of amino spacer modified ferrocene
hydrochloride, following a procedure of Sawicki et al.13 Assuming derivatives to the surface of the functionalized glucose oxidase
that the extinction coefficient reported for the hydrazones of did not lead to a further decrease of enzymatic activity (see Table
aldehydes formed from mannitol (t = 95000 L mol-1 cm-') is 1).Electrochemilcal Investigations of Ferrocene-Modifled Glucose

Oxidase. The results of the electrochemical measurements are

(14) Glucose procedure 541, Sigma Chemical Co., St. Louis, MO. summarized in Figure 3 and Table I. The cyclic voltammograms
(15) Royer. G. P. In Methods In Enzymology, Immobilized Enzymes and shown in Figure 3 were run at 2 mg mL-' concentration of the

Cellr, Colowick, S. P., Kaplan, N. 0., Mosbach, K., Eds.; Academic Press:
San Diego, CA, 1987; Vol. 135, p 141.

(16) Schuhmann, W.; Kittsteiner, R. Blosensors Bloelectronics, in press. (17) Sawicki, E.; Schumacher, R.; Engel, C. R. Microchem. J. 1967, 12,
Presented at the Fir-t World Congress on hiosensors, Singapore, 1990. 377.
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TaWe Ii. Catalytic Current of Partially Deactivated INTRAMIOLECULAR ELECTRON
Ferrocene-Modified Enzymes TRANSFER S--

i, (deactiv +I
i., (deactiv),- native enz) H2

no. compound 
bonds nA nA nA 

T' 

NH

I Enz-CH2-NH- 7 200 120 170 5-5 HN
(CH,),.NH-CH2.Fc

4 Enz-CH2-NH- 13 2800 350 470
'(CH,),-NH-CH,-FcHFA

"Catalytic current for modified enzyme from Table I. bCatalytic
current for modified, then partially deactivated enzyme. 'Catalytic NH-H 2 NH
current of (b) after addition of an equal amount (I mg mL-1) of native
glucose oxidase.

ferrocene-modified enzymes 1-7 in 0.1 M phosphate buffer (pH (a)

7.2). The three-electrode cells were equipped with a glassy carbon
(3-mm diameter) working electrode, a platinum wire counter ) INTERMOLECULAR
electrode, and a KCI-saturated calomel reference electrode. NK ELECTRON TRANSFER
Catalase was added to the solutions (200 units mL-') to decompose

any hydrogen peroxide that might be formed in the presence of CH2  H  A

residual oxygen. Curve I of Figure 3 shows the cyclic voltam-
mograms of a solution of compound I in buffer (a) without glucose
and (b) with 40 mM glucose. Curves 2 and 3 show the cyclic -H2FD

voltammograms observed under identical conditions for compounds 
H 2 C H2

2 and 4, respectively. The limiting currents, normalized for the
amount of attached ferrocene, increase with chain length (Table
I). Notable enhancement of the catalytic current is observed in *•-H 2 -2NH \

compound 7, where i = 6.5 ;A, i.e., the current density reaches FAD
90 gA cm-2.

Electroe-Tramfer Model. A peripherally attached redox me-

diator may accept electrons through either an intramolecular or
an intermolecular process (Figure 4), acting in the latter as a
conventional diffusing mediator. For example, mediation by (b)
ferrocene-modified albumin has been reported.6 The dominance F'lwe 4. (a) Intramolecular and (b) intermolecular electron transfer via
of the intramolecular electron-transfer process in the case of chain-attached mediators.
enzymes with long chains was established through the following
experiment. Enzymes I and 4 were partially deactivated by 6 M I and Figure 3) originates in enhanced intramolecular electron

urea (4 h, 25*) and then separated from the urea by gel-per- transfer from the enzyme's redox centers to the chain-attached

meation chromatography. Their catalytic currents i' (Table It) relay and, via the relay, to the electrode. Our observations do

were measured at an enzyme concentration of I mg mL-' under not allow us to define the extent of electron transfer by a dynamic

conditions identical with those for i., in Table I. Then I mg mL-' process, where the chain-pendant mediator swings "in" and "out"

native glucose oxidase was added, and the catalytic current (i"., of the enzyme, and a static process, where the relay is reasonably

Table 11) was determined. If the process were entirely inter- stationary, i.e., is bound by hydrophobic or electrostatic interaction

molecular, i'., would have been equal to or greater than i,,, to a specific region in the protein.
because the concentration of the electron-transfer mediator is Acknowledgment. We thank Dr. B. A. Gregg for the prepa-
unchanged and both the concentration and relative catalytic ac- ration of (aminoethyl)ferrocene and many helpful discussions. The
tivity of the enzyme are increased (note in Table I that I and 4 work at the University of Texas at Austin is supported by the
retain, respectively, 0.27 and 0.45 of the native enzyme's activity). Office of Naval Research, the Welch Foundation, and the Texas
If the process were entirely intramolecular, addition of native Advanced Research Program. The work at the Technical
enzyme would not have changed the catalytic current seen with University of Munich is supported by the Bundesministerium fir
the deactivated enzyme (i' ,, Table II). Measurement of the Forschung und Technologie (BMFT), Projekttrager Biotech-
catalytic current in the presence of deactivated I and 4 with native nologie, FRG. This collaborative study was performed at the
enzyme added shows that in the case of 1, where the chain is short, University of Texas.
the current approaches i,, for the enzyme prior to deactivation,
i.e., that the process of electron transfer either has a substantial Registry No. 1, 130859-06-2; 2, 130859-07-3; 3, 130859-08-4; 4,
intermolecular component or is entirely intermolecular. For 130859-09-5; 5, 130859-10-8; 6, 130859-11-9; 7, 130859-12-0;
compound 4, made with long chains, i"',, the current observed FCCH-N(CH2).NH 2 (n = 2), 130859-13-1; FcCHKN(CH 2).NH2 (n
with the partially deactivated enzyme plus native enzyme (470 = 3), 130859-14-2; FcCH=N(CH 2).NH2 (n = 4), 130859-15-3;

nA), remains much below the 2800-nA catalytic current of the FcCH-N(CH 2).NH 2 (n - 6), 130859-16-4; FcCH-N(CH 2),NH 2 (n

and is only marginally = 8), 130859-17-5; FcCH-N(CHP),NHZ (n = 10), 130859-18-6;
enzyme prior to its partial deactivation FcCH-NCH 2CH2NHCH2 CH 2NH 2, 130859-19-7; 1,2-ethylenedi-
higher than the 350-nA current of the partially deactivated enzyme amine, 107-15-3; 1,3-diaminopropane, 109-76-2; 1,6-diaminohexane,
(Table I1). This indicates that when the spacer chain is long the 124-09-4; 1,8-diaminooctane, 373-44-4; 1,10-diaminodecane, 646-25 3;
process is dominantly intramolecular. We thus conclude that the diethylenetriamine, 111-40-0; ferrocenecarboxaldehyde, 12093-10-6;
increase in catalytic currents with increase in chain length (Table glucose oxidase, 9001-37-0.
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Relaying of Electrons in Enzymes

This Account describes the chemical modification of is essential for catalysis, redox enzymes do function
regions of large biomolecules, transforming them from when part of the shell is stripped1'2 or, as we shall see
electrical insulators to electrical conductors. Redox here, when the shell is chemically altered so as to make
enzymes are molecules of 40000 Da (daltons) (e.g., ga- it electrically conductive." Following such alteration,
lactose oxidase) to 850000 Da (e.g., choline de- a redox center of an enzyme will directly transfer
hydrogenase) with one or more redox centers. Their electrons to an electrode on which the enzyme is ad-
average hydrodynamic diameters range from -55 to sorbed.-'4 We call the centers that increase the electron

150 A. In the great majority of enzymes, the redox current flowing through their shells by accepting and
centers are located sufficiently far from the outermost transferring electrons "electron relays".
surface (defined by protruding protein or glycoprotein The distance dependence of the rate of electron
domains) to be electrically inaccessible. Consequently, transfer in proteins has been the subject of experi-
most enzymes do not exchange electrons with electrodes mental7-14 and theoretica15-21 studies during the past
on which they are adsorbed, i.e., their redox centers are
neither electrooxidized at positive potentials nor (1) Nakamura, S.; Hayashi, S.; Koga, K. Biochem. Biophys. Acta 1986,445,294.
electroreduced at negative ones. Apparently, part of (2) Yasuda, Y.; Takahashi, N.; Murachi, T. Biochemistry 1971, 10,
the protein or glycoprotein shell surrounding the redox 2624.
centers is there to prevent indiscriminate electron ex- (3) Degani, Y.; Heller, A. J. Phys. Chem. 1987, 91, 1285.

(4) Degani, Y.; Heller, A. J. Am. Chem. Soc. 1988, 110, 2615.
change between the different redox macromolecules of (5) Heller, A.; Degani, Y. Direct Electrical Communications between

living systems. Such exchange would, in the extreme Chemically Modified Redox Enzymes and Metal Electrodes: Ill. Elec-
tron Transfer Relay Modified Glucose Oxidase and D-Amino-Acid Oxi-

case, lead to an equipotential system, which could not dase. In Redox Chemistry and Interfacial Behavior of Biological Mol-
sustain life. Another function of this shell is to stabilize ecules; Dryhurst, G., Niki, K., Eds.; Plenum Publ Corp.: New York, 1988;
the structure of the enzyme. Because neither function p 151-170.

(6) Degani, Y.; Heller, A. J. Am. Chem. Soc. 1989, 111, 2357.
(7) Lieber, C. M.; Karas, J. L.; Mayo, S. L.; Albin, M.; Gray, H. B.
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was elected to the Natlonal Acededy of Engineering in 1987 and received Coord. Chem. Rev. 1985, 64, 125.
the Vkttrlo Do Nora Gold Medal of Ow Electrochemical Society for dastln- (12) McLendon, G.; Guarr, T.; McGuire, M.; Simolo, K.; Strauch, S.;
gushed convbjxans to eiecrhmnlcal technology in 1988. Taylor, K. Coord. Chem. Rev. 1985, 64, 113.
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decade. Because the process of electron transfer is, in formation about the distance dependence at varying
essence, an electron tunneling process,'17 theories predict reorganization energies and potential differences. For
and experiments show that the rate of electron transfer electron transfer between porphyrin-bound Fe2" centers
decays exponentially with distance, when the distance and histidine-bound [Ru(NH 3)5 131, they find 3 = 0.91
substantially exceeds atomic dimensions (>3 A). Thus, A-', or a 10-fold decrease in the rate of electron transfer-

S= 1013O(d-3 AG-+X)2/4RTX (1 upon each 2.1-A increase in distance. Thus for a protein
Sd)e- (1) and donor-acceptor pair similar to that studied by Gray

where kgr is the rate of electron transfer, 3 is a constant et al., insertion of a layer of fast relays at half-thickness -
for a given electron donor/acceptor pair in a defined across a 30-A-thick protein film on an electrode may
medium, d is the distance between the donor and the increase the current, between a sheet of donors on the
acceptor, -AG* is the driving energy, and X is the solution side of the film and the electrode, by a factor
Marcus reorganization energy. Most redox enzymes as large as 107.
have sufficiently thick protein or glycoprotein shells to The relationship between d, 0, X, and the potential
make the product 0(d - 3) large enough to decrease the difference AV (AG = -eAV) is illuminating. Let us
rate of electron transfer to a negligibly small value for consider a monolayer of a redox enzyme covering an
a random encounter between an enzyme and another electrode and calculate, from eq 1, some d, X, anJ AV
redox protein or between an enzyme and an electrode. values required for realizing the full enzyme-turnover-

limited current density. Glucose oxidase turns over at
Function and Design of Electron Relays ambient temperature at a rate of _ 102 S-1, i.e., it pro-

duces about 200 transferable electrons/s. Because its
Among the several electron-transfer theories, Marcus radius is -- 43 A, there can be up to 1.7 X 1012 enzyme

theory translates the electron-transfer rate into simple molecules on the electrode surface. The current density,
chemical terms. 7' 16 Electron transfer will take place when all redox centers are electrically well connected
when both the donor and the acceptor assume struc- to the electrode, may thus reach about 3.4 X 1014
tural configurations that require no further reorgani- electrons s-1 cm-2 , or 53 gA cm-. At a 25-A distance
zation upon electron transfer. The energy invested in between the electron-transferring centers and the
order to bring the pair to this structure is the Marcus electrode, it is possible to reach an electron-transfer rate
reorganization energy, denoted by X. At a given re- of 200 s-1 when X :< 1.0 eV and AV _< -0.3 V, or when
organization energy, temperature, and distance and in X < 0.4 eV and AV 5 0 V. For d = 20 A, electron
a given medium, the rate of electron transfer increases transfer will be effective even at AV = 0.0 V and X _<
when the process is exoergic (AG < 0), i.e., the electron 0.9 eV.7 Thus with a fast relay, having a redox potential
hops thermodynamically downhill from a reducing substantially oxidizing with respect to the redox po-
center to an oxidizing center. The difference in the tential of glucose oxidase, electron transfer with a typ-
energy of the system is nil for electron transfer between ical reorganization energy of 0.5-1 eV may take place
compositionally identical ions in different oxidation across a distance as long as 25 A. With a fast, moder-
states. By measuring the rate of electron transfer within ately oxidizing relay, an electron-transfer distance of
a redox couple, one obtains its "self-exchange rate". A 20 A is realizable.
high self-exchange rate is indicative of a small reorg- We can see why small redox proteins, of 2 X 104
anization energy. Couples with small reorganization daltons or less, with effective hydrodynamic radii of less
energies are fast, i.e., exchange electrons rapidly with than - 21 A can be directly electrooxidized or reduced
electrodes. Thus, the best electron relays in biological when adsorbed on electrodes and why glucose oxidase,
macromolecules are also fast redox couples. Further- with 160 000 Da, and a hydrodynamic radius of 43 A,1

more, the faster the couple, the greater the allowed cannot. Nevertheless, even in small proteins, with redox
distance at which a given current will flow between an centers that communicate directly with electrodes,
electron-donating center of an enzyme and an electron protein orientation is important. By selection of elec-
relay based on this couple, and also between the relay trode surfaces, or by modification of these with or-
and an electrode. This current will increase when the ienting promoters, such as positively charged organic
potential difference between the donor and the relay, or inorganic molecules or ions, the rate of electron
or between the relay and the electrode, is increased, transfer can be enhanced.2 2 ° We also see from the
Usually only one of these two electron hops will be rate relationships why a few large enzymes, after integration
controlling. of small redox proteins (e.g., cytochrome c) into the

Of the experimental studies on electron-transfer rates
in proteins, those of Gray and colleagues7',8 are partic- (22) Yeh, P.; Kuwana, T. Chem. Lett. 1977, 1145.

(23) Armstrong, F. A.; Hill, H. A. 0.; Walton, N. Acc. Chem. Res. 1988,ularly relevant, because they provide quantitative in- 21,407.
(24) Bowden, E. F.; Hawkridge, F. M.; Blount, N. H. Electrochemical

(13) Takaka, T.; Takenaka, K.; Kawamura, H.; Beppu, Y. J. Biochem. Aspects of Bioenergetics. In Comprehensive Treatise of Electrochem-
(Tokyo) 1986, 99, 833. istry; Srivanasan, S., et al., Eds.; Plenum: New York, 1985; pp 297.

(14) Miller, J. R. In Antennas and Reaction Centers of Photosyn- (25) Lewis, N. S.; Wrighton, M. S. Science 1981, 211, 944.
thetic Bacteria: Michel-Beyerle, M. E., Ed.; Springer-Verlag: Berlin, (26) Armstrong, F. A.; Lannon, A. M. J. Am. Chem. Soc. 1987, 109,
1985; p 2 3 4 . 7211.

(15) Bixon, M.; Jortner, J. J. Phys. Chem. 1986, 90, 3795. (27) Bancroft, F. E.; Blount, H. N.; Hawkridge, F. M. Adv. Chem. Ser.
(16) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265. 1982, No. 201, 23.
(17) DeVault, D. Quantum Mechanical Tunneling in Biological Sys- (28) Bowden, E. F.; Hawkridge, F. M.; Blount, H. N. Adv. Chem. Ser.

terns, 2nd. ed.; Cambridge Univ. Press: Cambridge, 1984. 1982, No. 201, 159.
(18) Churg, A. K.; Weiss, R. M., Warshel, A.; Takano, T. J. Phys. (29) Castner, J. F.; Hawkridge, F. M. J. Electroanal. Chem. 1983, 143,

Chem. 1983, 87, 1683. 217.
(19) Larson, S. J. Chem. Soc., Faraday Trans. 2 1983, 79, 1375. (30) Taniguchi, 1. Interfacial Electrochemistry of Promoter Modified
(20) Hopfield, J. J. Proc. Nati. Acad. Sci. U.S.A. 1974, 71, 3640. Electrodes for Rapid Electron Transfer of Cytochrome C. In Redox
(21) Onuchic, J. N.; Beratan, D. N.; Hopfield, J. J. J. Phys. Chem. Chemistry and Interfacial Behavior of Biological Molecules; Dryhurst,

1986, 90, 3707. G., Niki, K., Eds.; Plenum Pub). Corp.: New York, 1988; pp 113-124.
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external part of their structure, are directly electroox- FAD/FAOH 2

idized or reduced on electrodes 31-33 and why most large 5PRTE6N

enzymes, with deep redox centers, are not directly 5oM 1

electrooxidized or reduced on electrodes.
Glucose oxidase (GO) (EC 1.1.3.4) is an example of

an enzyme of the latter type. This enzyme catalyzes
the transfer of electrons from glucose to oxygen, pro- METAL OR CARBON ELECTRODE

ducing gluconolactone and hydrogen peroxide (eq 2 and
3). The process involves the FAD/FADH 2 redox cen- ELAYS FAO/FADH 2

glucose + GO-FAD - gluconolactono + GO-FADH2 (2) W504 PROTEIN

L 29- + 2H " + .-J

GO-FAOH2 + 02 -- GO-FAD + H202 (3)

L 2e + _ METAL OR CARBON ELECTRODE

Figure 1. Top: When a native redox enzyme (e.g., glucose
ters of the enzyme. Glucose cannot be selectively oxidase) is adsorbed on an electrode, the electron-transfer dis-

electrooxidized at an electrode on which the enzyme has tances are excessive fo- electrical communication between the
been adsorbed, because the product fl(d - 3) is excessive redox centers and the electrode. Bottom: Flow of electrons

through a relay from a redox center of an enzyme (glucose oxidase)
for electron transfer to the electrode. Even at the most to an electrode. A current is observed when the substrate (glucose)
anodic potentials that are accessible in aqueous solu- transfers a pair of electrons to an FAD center of the enzyme that,
tions, electrode reaction 4 cannot be driven. Reaction in turn, transfers these either to a relay or to a molecular wire,

GO-FADH 2 - GO-FAD + 2H+ + 2e- (4) which then transfers the electrons to the electrode.

3 takes place only because oxygen diffuses into the
protein, reducing d sufficiently to allow electron Bonding of Electron Relays to Enzyme Proteins

transfer. In addition to oxygen, other oxidized members Our first study, aimed at establishing that the elec-
of redox couples can diffuse into enzymes to accept trical properties of enzyme proteins can be modified,
electrons from their redox (e.g., FADH 2) centers. One involved ferrocene/ferricinium carboxylate electron
of the first studied may have been methylene blue.34-36 relays (Figure 1).37- Amide links were formed between

The physical parameters that define for enzyme the carboxylate and part of the 42 lysine amine func-
electrodes the effectiveness of bound electron relays tions of glucose oxidase through carbodiimide coupling
consisting of diffusing electron carriers are identical: (eq 5).3," The reaction proceeds in an aqueous solution
diffusing species are effective when they need not
penetrate the enzyme deeply for electron transfer; and CH,, NCH3
relays are effective when they can accept and transfer CHNCH
electrons across substantial distances. In both cases, CH3 IN\CHa (CH2)3

we seek high self-exchange rates, though it is also I NH
possible to increase the electron-transfer rates by in- OH (CHz)$ 0_1
creasing AV. The list of effective diffusional electron c I C C
acceptors and donors includes ferrocene/ferricinium Fe + c -N Fe N

derivatives;37,38 ruthenium2+/3+ ammines;39 hydro- 1 5\ IH72 PCH,

quinones/quinones;40 reducible and oxidizable compo- N CH341~ 426+5+CH

nents of organic salts;41 ,42 and tungsten6+/S+ and mo- k'CH

lybdenum 6+/5+ octacyanides.43 CH3  H7-2

enzyme-NH/ 3M urea CH,3 N/CH3

(31) Aasefa, H.; Bowden, E. F. Biochem. Biophys. Res. Commun. 1986, .0o, NH-enzyme (CH2)3
139,1003. Z-!,,- NH

(32) Cas, A. E. G.; Davis, G.; Hill, H. A. 0.; Noncarrow, D. J. Biochim. 'u 1
Biophys. Acta 1985, 828, 51. Fe + C=O (5)

(33) Barker, P. D.; Hill, H. A. 0. Prog. Clin. Biol. Res. 1988, 274, NH
419-433. N

(34) Thunberg, T. Shand. Arch. Physiol. 1925, 46, 339. CH1

(35) Theoreil, H. Biochem. Z. 1935, 78, 263.
(36) Theorell, H. In The Enzymes; Sumner, J. B., Myrback, K., Eds.: CH 3

Academic:. New York, 1951.
(37) Yeh, P.; Kuwana, T. J. Electrochem. Soc. 1976, 123, 1334. at physiological temperature and pH. In the first ex-
(38) Cass, A. E. G.; Davis, G.; Green, M. J.; Hill, H. A. 0. J. Elec-

troanal. Chem. Interfacial Electrochem. 1985, 190, 117. periments, we were unable to reproduce reliably the
(39) Crumblias, A. L.; Hill, H. A. 0.; Page, D. J. J. Electroanal. Chem. (occasionally observed) direct electrical communication

Interfacial Electrochem. 1986, 206, 327.
(40) Ikeda, T.; Hiasa, H.; Senda, M. Catalytic Oxidation of D-Glucose between the FAD/FADH 2 centers of glucose oxidase

at an Enzyme-Modified Electrode with Entrapped Mediator. In Redox and metal or graphite electrodes, via the enzyme-bound
Chemistry and Interfacial Behavior of Biological Molecules, Dryhurst, relays. But after the enzyme protein was reversibly
G., Niki, K., eds.; Plenum Publ. Corp.: New York, 1988; pp 193-201. (partially) unfolded by 2-3 M urea, we obtained re-

(41) Kulys, J. J.; Samallus, A. S.; Svirmickls, G. J. S. FEBS Lett. 1980, pro ible ults. An aeg o 1rea e fntin s
114, 7. producible results. An average of 12 ferrocene functions

(42) Albery, W. J.; Bartlett, P. N.; Craston, D. H. J. Electroanal. could be covalently incorporated in glucose oxidase.3-5
Chem. Interfacial Electrochem. 1985, 194, 223.

(43) Taniguchi, I.; Miyamoto, S.; Tomimura, S.; Hawkridge, F. M. J.
Electroanal. Chem. Interfacial Electrochem. 1988, 240, 333. (44) Hoare, D.; Koshland, D. E. J. Biol. Chem. 1967, 242, 2247.
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to tyrosines by azo links or to lysines through amide
d links. These relays were less stable than the ferroc-

200- enes. 4,5

Electrical Wiring of Redox Enzymes

. _When electron relays are bound to an enzyme, the
bulk of the enzyme does not become conductive.
Rather, electrons are preferentially conducted along

<C routes defined by the relays. As seen earlier, for relays
of low reorganization energy and adequate potentialz 100-

, difference (between the FAD/FADH2 center and the
'c relay and between the relay and the electrode), elec-

U tron-transfer distances can be 20-25 A, and a single
relay can be adequate to allow sequential electron hops
between the enzyme's redox center and the electrode.

b Nevertheless, because there are few effective electron-
transfer paths even if 12 relays are bound to the en-
zyme, only when the enzyme tumbles on the surface of

c 1 the electrode is its charge effectively collected: the
50 enzyme must point a specific zone of its surface to the

electrode. When a relay-modified enzyme is covalently
a bound to an electrode surface in a random fashion, only

a small fraction of the enzymes are properly oriented,
and the currents are small. Furthermore, in the pres-

S -- ence of oxygen, most of the electrons are transferred to
it, to produce peroxide, rather than to the electrode.

0.4 0.5 0.6 Our first enzyme electrodes required membranes to
POTENTIAL,VOLTS (SHE) contain the freely tumbling enzyme in small volumes

Figure 2. Cyclic voltammograms (current vs potential plots) for near the electrode surface. The membranes needed
electrodes made with (a) native glucose oxidase with or without pores small enough to contain the diffusing enzyme, but
glucose; (b) glucose oxidase modified by covalent bonding of 12 large enough to allow in-diffusion of substrate and
electron relays per enzyme molecule in the absence of glucose; out-diffusion of product. The membranes required
(c) as in b, but at 0.8 mM glucose; and (d) as in b, but at 5 mM peripheral seals, which increased the manufacturing
glucose. Scan rate 2 mV/s. complexity and cost. Furthermore, in flow systems the

membranes limited the rate of substrate transport to,
After removal of the urea by gel permeation chroma- and product transport from, the electrode surface, in-
tography, the relay-modified enzyme retained 60% of creasing the time constants. The need for membranes
its activity and communicated electrically with graphite, and seals was obviated by wiring the enzyme with an
glassy carbon, gold, and other metals. Communication electron-relaying redox polymer, a segment of which was
resulted in a glucose-concentration-dependent current bound to the electrode.6 Through such wiring the en-
at or above the oxidation potential of the relay (Figures zyme was electrically connected to the electrode, irre-
I and 2). The current was produced by a sequence of spective of its orientation. The resulting enzyme elec-
electron-transfer steps: glucose reduced the enzyme's trodes were then fast and simple to make.
FAD centers to FADH2; the FADH 2 centers were re- Our method of wiring enzymes followed one of na-
oxidized to FAD upon transferring electrons to the ture's ways of reducing electron-transfer distances be-
ferricinium relays, reducing these to ferrocene; ferrocene tween redox centers of proteins and enzymes. For
transferred electrons to the electrode and was reoxidized electron transfer between the redox centers of cyto-
to ferricinium. The greater the number of relays we chrome c and enzymes such as cytochrome c peroxidase
bound to the enzyme, the better its FADH 2 centers or cytochrome c oxidase, or between the ferredoxin and
communicated with electrodes.5 This was also the case ferredoxin NADP reductase, the center-to-center dis-
in D-amino acid oxidase.4A The current in relay-mod- tances are reduced through complexing the redox pro-
ified glucose oxidase electrodes increased when glucose tein and the redox enzyme. The complexes are often
was added to the solution (Figure 2) but did not change electrostatic,4 2 forming between enzymes with nega-
when sucrose, other hexoses, or pentoses were added.5  tively charged zones and redox proteins with positively

Another effective glucose oxidase bound relay that charged zones.46-"
we and Bartlett and Whitaker5,4 studied was ferrocene
acetic acid, covalently bound to glucose oxidase lysines. (46) Koppenol, W. H.; Margoliash, E. J. Biol. Chem. 1982,257,4426.

(47) Salemme, F. R. Annu. Rev. Biochem. 1978, 46, 299.In a reaction sequence similar to that shown in eq 5, (48) Hazzard, J. T.; Moench, S. J.; Erman, J. E.; Satterlee, J. D.; Tollin,
21 relays were bound to the enzyme, further enhancing G. Biochemistry 1988, 27, 2002.

(49) Margoliash, E.; Boeshard, H. R. Trends Biochem. Sci. 1983,8, 1.electrical communication.f Glucose oxidase was also (50) Mochan, E. Biochem. Biophys. Acta 1970, 216, 80.
modified with ruthenium pentaammine relays, bound (51) Mochan, B. S.; Elliot, W. B.; Nicholls, P. J. Bioenergetics 1973,
coordinatively to histidine functions of the enzyme, or 4,329.

(52) Nicholls, P. Biochim. Biophys. Acta 1974, 346, 261.to pyridine functions that were covalently bound either (53) Miller, W. G.; Ctmanovich, M. A. Biophys. Struct. Mech. 1975, 1,
97.

(45) Bartlett, P. N.; Whitaker, R. G. J. Chem. Soc., Chem. Commun. (64) Ng. S.; Smith, M. B.; Smith, H. T.; Millet, F. Biochemistry 1977,
18"7, 1603. 16, 4975.
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S® •however, osmium-based redox polycations over the
"� e ferrocenes,6 because they were shown by Meyer and

E ) eco-workers to be fast and rugged and to have potentials"9• • in the 0.2-0.5-V (SCE) range.63 Upon complexing

eD G commercial 50000-Da poly(vinylpyridine) with [Os-
FADH -(2,2'-bipyridine) 2Cll+/2'+ and N-methylating part of the

uncomplexed pyridine residues, we obtained an effec-
"tive electron-relaying, stable polycation. After elec-

, trostatic complexing with glucose oxidase, the polyca-
el d Ztion mediated electron transfer from the substrate-re-

"8 •- e o d • duced (FADH 2) centers of the enzyme to electrodes,
cycling as shown in Figure 3b. Segments of the poly-
cation were found to adsorb strongly on graphite elec-
trodes,64 as expected from the earlier work of Oyama

O.vs) and Anson.6 Because the redox polycations both bind
GO OOEMoA2E 2lou(bpyVpvp)ar and electrically connect the enzymes with electrodes,

VAD.2W the enzyme-electrodes were made simply by dipping
abraded, cleaned graphite rods into an aqueous solution

b. of the redox polymer, rinsing, dipping into the enzyme
solution, and rinsing again.61 The current densities were
proportional to the concentration of glucose over a
broad range, leveling off at 30 pA cm-2 at high (30 mM)
glucose concentration. The electrodes were kept in dry
air, with little or no change, for 2 days. Their current

CtOc ,,COroxA.E 2FAD%)C] 2  response was, as expected, rapid: They responded as
.2* FADH,

fast as the fluid changed in the proximity of electrodes
in flow systems. In such systems, the current rise times
were as short as 0.25 s.

Figure 3. (a) Wiring of a binary redox enzyme. Fast redox centers My late teacher of thermodynamics at the Hebrew
(R) of a polycation that is electrostatically and covalently bound University, Aharon Katchalsky-Katzir, and his co-
to the enzyme relay electrons to the electrode, on which a segment workers,6,67 followed by more recent workers,68,69 have
of the polycation is adsorbed. Binding of the polycation to the
electrode can be electrostatic when the electrode has a negative shown that the structure of a dissolved polyelectrolyte
surface charge. (b) Electron-transfer steps in the electrooxidation strongly depends on ionic strength. At low ionic
of glucose on a wired glucose oxidase electrode. strength, electrostatic repulsion between similar charges

on a chain tend to straighten it out, even though sta-
We also "wired" the enzymes through complexing, but tistically or entropically the straight-chain configuration

with synthetic, rather than natural, redox macromole- is unlikely. At high ionic strength, the charges are
cules. The proteins of glucose oxidase, as well as those screened by counterions and the macromolecules as-
of other enzymes, have at physiological pH a negative sume entropically more probable coiled configurations.
surface charge, because of excess glutamate and as- When the redox polymers are coiled, they do not ade-
partate over lysine and arginine. The polyanionic en- quately penetrate crevices in enzymes and the elec-
zymes can be electrostatically complexed with polyca- tron-transfer distances are not sufficiently reduced for
tionic redox polymers of -. 105 Da, typically with electron transfer. Thus, above 0.5 M NaCl concentra-
100-200 redox centers and several hundred cationic tion, the flow of current from the substrate-reduced
sites. When segments of the redox polymers fold along enzyme to the electrode stops, even though the enzyme
the enzyme proteins and penetrate these,6 electron is still substantially active and continues to transfer
transfer from the FADH2 center of the enzyme to at electrons to small diffusing mediators in the solution.61"
least one redox center of the polymer, and via this Nevertheless, even at 0.5 M NaC1, the electrostatic re-
center to the electrode, becomes possible (Figure 3a). dox polycation-enzyme complex does not dissociate,
The practicality of such electron transfer was confirmed and when an electrode is moved from a glucose solution
in our very first (unpublished) experiment, where we with 0.5 M NaCl to one with 0.15 M NaCI, the current
complexed glucose oxidase with the copolymer of vi- flows again.
nyl-N-methylpyridinium chloride and vinylferrocene, Because the variation in current with ionic strength
a water-soluble redox polycation. We have preferred, limits the usefulness of enzyme electrodes to biosensor

applications at fixed ionic strength, we added covalent
links to the electrostatic complex in order to keep the

(55) Koppenol, W. H.; Vroonland, C. A. J.; Braams, RL Biochim. Bio-
phys. Acta 1978, 503, 499.

(56) Poulos, T. L.; Kraut, J. J. Biol. Chem. 1980, 255, 10322. (63) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, T. J. Inorg.
(57) Simmondsen, R. P.; Weber, P. C.; Salemme, F. R.; Tollin, G. Chem. 1988, 27, 4587.

Biochemistry 1982, 21, 6366. (64) Pishko, M. V.; Katakis, I.; Lindquist, S.-E.; Ye, L.; Gregg, B. A.;
(68) Poulos, T. L.; Mauk, A. G. J. Biol. Chem. 1983, 258, 7369. Heller, A. Angew. Chem., Int. Ed. Engl. 19N, 29, 82.
(59) Erman, J. E.; Vitello, L. B. J. Biol. Chem. 1980, 255, 6224. (65) Oyama, N.; Anson, F. C. J. Am. Chem. Soc. 1979, 101, 3450.
(60) Mauk, M. &.; Reid, L. S.; Mauk, A. G. Biochemistry 1982, 21, (66) Katchalsky, A. Pure Appl. Chem. 1971, 26, 327.

1843. (67) Eisenberg, H. Biological Macromolecules and Polyelectrolytes in
(61) Bhattacharrya, A. K.; Meyer, T. K; Tofin, G. Biochemistry 1986, Solution; Clarendon Press: Oxford, 1976.

25, 4655. (68) Negate, I.; Morawetz, H. Macromolecules 1981, 14, 87.
(62) Hazzard, J. T.; McLendon, G.; Cusanovich, M. A.; Tollin, G. (69) Carnie, S. L.; Christoe, G. A.; Creamer, T. P. J. Chem. Phys. 1988,

Biochem. Biophys. Res. Commun. 1988, 151, 429. 89, 6484.
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enzyme properly wired at high ionic strength. Initially
we did so by copolymerizing, at a 20:1 ratio, vinyl-
pyridine with 4-aminostyrene, forming the [Os- 400
(bpy)wCe di ' complex with about one in six pyridine
rings, N-methylating part of the residual rings, diazo- Iý
tizing the aminostyrene functions, and reacting these, " 3001
at low ionic strength, with tyrosine functions of glucose < O
oxidase, to form azo bonds.6 Because there are few
tyrosines in glucose oxidase, the structure was essen-
tially two dimensional. Three-dimensional wired- " 200
enzyme structures, based on cross-linking the redox o
polymer chains and binding these to glucose oxidase
lysine amines, were subsequently designed and syn-
thesized.-° An example of a polymerization reaction72

is shown in eq 6. In the resulting network, one pyridine U

0 0.1 0.2 0.3 0.4 0.5

N N + HN-enzyme Potential, volts vs. SCE

0os,
2 ÷3 /1 /1 Figure 4. Cyclic voltamniogram, showing a 400 MA cm-2 glucose

(bpy)2CI ý' diffusion limited current density reached at 40 mM glucose
CH2  CH2  concentration with the wired-enzyme network of eq 6. The scan

COO0 -=C rate is 5 mV/s.

1 advanced ex vivo electrodes of these types are now in
o=CNPO use, and in vivo electrodes are under development. 75

kJ Amperometric enzyme electrodes based on diffusing

nredox mediators, including dyes (e.g., methylene blue),76

OH ferrocene derivatives,77 components of conducting or-

+ N (6) ganic metals, 78'7 9 and quinones,8° have been subject to
oN No (N. intensive research. Recently, electrodes based on con-

2+÷3H ducting polypyrroles with ferrocenes also have been
(bpy)2Cl 2  reported. 81 Electrodes based on ferrocene derivatives'

CH2  CH2  are in commercial production and are used in diverse

coo o=c\ applications such as monitoring glucose levels in dia-
HN-enzyme betics and food and beverage processing.

ring in about five carries an [Os(bpy)2Cl]I+/ 2+ center. Amperometric enzyme electrodes can also be built

At a sufficiently high redox polymer to enzyme ratio, with relay-modified and redox-polymer-wired enzymes.

the wired-enzyme films, of -- I-Mm thickness, can still The relevant issues are manufacturability and cost;

be sufficiently conductive to allow remote enzyme response time; reproducibility; selectivity; insensitivity

molecules to communicate electrically, via the three- to partial pressure of oxygen; detectivity (ratio of signal

dimensional redox netwoik, with the electrode. We to noise (S/N)); output current stability ex vivo; output

reached in these "thick" films glucose-dependent cur- current stability in vivo; and biocompatibility.

rent densities as high as -0.5 mA cm- 2, showing that The membraneless glucose electrodes based on

at least 10 equivalent enzyme layers communicated three-dimensional wired structures that we are now

electrically with the electrode (Figure 4).70 The ob- budding are manufacturable at low cost. They respond

served electrical communication through these films is to a change in glucose concentration in less than 1 s.

consistent with the electrical properties of the pure
redox polymer. 71 (75) See, for example: (a) Bartlett, P. N.; Whitaker, R. G. Biosensors
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Their repi, clucibility depends on control of (a) the the biosensor, the noise is less than 10-' A cm-2, i.e., S/N
specific activity of the enzyme that is being wired; (b) is on the order of 104.
the ratio of the wiring polymer to the enzyme; and (c) The output current stability depends on enzyme
the thickness of the wired-enzyme film. Their selec- durability and on avoiding fouling of the electrodes,
.tivity depends on the redox potential of the electron primarily by adsorbed proteins. Typical decay rates at
relaying centers. The closer this potential is to the 25 *C in the absence of proteins are - 5%/day, but are
redox potential of the enzyme itself, the lesser the much faster in whole blood. By designing redox poly-
likelihood that a potentially interfering substrate will mers that form hydrogels, we are now improving the
be spuriously oxidized. Fluctuations in current with stability of the bioelectrodes. We are designing relays
partial pressure of oxygen, e.g., oxygen concentration that are closer in their potential to those of the enzymes,
in blood, depend on the ratio of the rate of direct with the objective of further reducing the residual in-
electrooxidation of the FADH 2 centers to their rate of terference by electrooxidizable species such as urate and
oxidation by molecular oxygen, and therefore on the ascorbate ions. We are also exploring the range of en-
rate of electron transfer to, and the electrical resistance zymes that can be electrically wired and are building
of, the three-dimensional wired-enzyme structure. At sensors with these. Currently our list includes, in ad-
high osmium-complex concentrations, and in suffi- dition to glucose oxidase, the flavo enzymes D-amino
ciently thin layers, the competition is won by electron acid oxidase, lactate oxidase, and glycerol-3-phosphate
transfer to the electrode via the osmium centers, and oxidase, as well as lipoamide oxidase, through which
the electrodes are relatively insensitive to oxygen. The NAD+/NADH requiring enzymes are coupled to the
signal to noise ratio S/N is, in the absence of interfering electrodes.
substrates, proportional to the number of enzyme
molecules that are effectively wired to the electrode The financial support for this research from the Office of
surface per unit area. At a film thickness of 1- I m, Naval Research, the Texas Advanced Research Program, and
and at typical blood glucose concentrations ( 10-2 M), the Robert A. Welch Foundation is gratefully acknowledged.
"a current density of -10-3 A cm-2 is achieved. With Harry B. Gray, Heinz Gerischer, and Barry Miller read and
"a low noise potentiostat and only unshielded lea ,s to improved the manuscript.
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Redox polymers can fold along the glycoproteins of glucose oxidase (MW 160,0(X)) at low electrolyte
concentrations and thereby penetrate the enzyme. Upon penetration. the distance between the redox
centers of the polymer and the FADH, centers of the reduced enzyme is reduced sufficiently for electrons
to be transferred and. therefore, for the mediated clectro-oxidation of glucose on conventional clec-
trodes. At high (IM) electrolyte (NaCI) concentrations the redox polymers coil. Such coiling prevents
the penetration of the enzyme by the rcdox polymers. Consequently. electron transfer does not take
place and glucose is not electro-oxidized. When an appropriate polycationic redox polymer is covalently
bound to the enzyme, the electro-oxidation of glucose occurs even at high electrolyte concentrations.
Electron transfer from the enzyme's FADH., centers to copolymers of poly(N-methyl-4-vinylpyridinium)
chloride with either poly(vinylferrocene), E" = 0.25V (SCE), or with poly(4-vinylpyridine) complexes
of Os(bpy)2 C1. EO = 0.25V (SCE). or of Os(4,4'-dimethylbpy)2 CI. E" = 0. 15V (SCE) is rapid. The
polycationic poly(4-vinylpyridine) complex of Os(bpy),C1 can be covalently bound to glucose oxidase
by preparing the terpolymer with 4-aminostyrene, diazotization and reaction of the diazonium cations
with tyrosine or tryptophane residues of the enzyme. Glucose electrodes made with the redox polymer
modified enzyme are relatively stable and sensitive. Furthermore. simple and fast amperometric glucose
electrodes can be made by adsorbing either non-quaternized or quaternized poly(vinylpyridine) com-
plexes of [Os(bipyridine):Clj 2 (MW 300,000) on graphite, and adsorbing on these polymer films glucose
oxidase. These electrodes do not require diffusing redox mediators or membranes to contain the enzyme
and the redox polymer. The redox polymer is shown to electrically "wire" the enzyme's redox centers
to the electrode, The glucose response of the electrodes is faster than I sec: their current increases
linearly with glucose concentration through the 0-10 mM range. At 60 mM glucose. their current
density is about 20 p±A/cm 2.

INTRODUCTION

Amperometric biosensors based on enzymes bound to electrode surfaces have been
the target of substantial research.I Oyama and Anson.2 who investigated a decade
ago poly(4-vinylpyridine) (PVP) coated electrodes, found that films of these poly-
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mers are strongly adsorbed on pyrolytic graphite and form long-lived, reproducible
electrodes with redox couples. The polymer films were made by dipping graphite
electrodes into methanol solutions of the polymers and rinsing. They have also
prepared and studied electrodes with the N-methylated polycations of PVP (NMPVP)
made by reacting the polymer with methyl iodide. Meyer. Murray and their colleagues'
made PVP and other polypyridine coated metal electrodes by in situ electropoly-
merization of the monomer and by plasma polymerization. Electroactive anions of
fast redox kinetics were found to be rapidly reduced and oxidized in these films.
as were cations complexed to PVP. The electrochemistry observed was consistent
with the physisorption of segments of the macromolecules on graphite. The non-
adsorbed segments provided a three-dimensional network into and out of which
ions diffused. Thus. complexes of PVP and poly(vinylbipyridine) with ruthenium,
iron, osmium and cobalt complexes showed persistent, reproducible and often fast
electrochemistries.

In parallel with these studies, the electrochemistry of small redox proteins (such
as cytochrome c, myoglobin. ferredoxin and phycocyanin) has been studied by
Kuwana, Hill, Hawkridgc. Blount, Bowden. Armstrong and their colleagues.4

Although the small proteins were directly electrooxidized/reduced on metal and
doped semiconductor electrodes, the rates of the electrode reactions could often
be enhanced by "promoters" adsorbed on the electrode surface. These promoters.
although electrochemically inert, bind and orient the redox proteins. Prominent
among these promoters are compounds of pyridine. such as bipyridine, methyl
viologen and bis(4-pyridinethiol), Oxidoreductases, having molecular weights higher
by an order of magnitude than redox proteins were usually not directly electroox-
idized or reduced even in the presence of promoters. Their lack of direct electro-
chemistry has been attributed to the thick protein or glycoprotein shells that sur-
round their redox centers. Nevertheless, for one enzyme (cytochrome c peroxidase)
direct electrochemistry on doped SnO, has been reported by Assefa and Bowden.'

In earlier work. Degani and Heller. as well as Bartlett et al..' covalently bound
electron relays to oxidoreductases and showed that the relay modified enzymes
communicate directly with gold and carbon electrodes. Furthermore. direct elec-
trical communication between glucose oxidase and graphite electrodes has been
established also through electrostatic complexing and through covalent bonding of
Os(bpy) 2C! complexes of N-methylated PVP (bpy = bipyridine) to this enzyme.7

Recently, we reported that the polycationic Os(bpy)2CI-PVP complexes, whether
N-methylated or not, are strongly adsorbed on graphite. and that the resulting
polymer-modified electrodes strongly interact with glucose oxidase, an oxidore-
ductase that is polyanionic at neutral pH.Y In the macromolecular complex formed
between the redox polymer and enzyme, electrons are transferred from the FADH,
centers of the erzyme, via the redox polymer, to the graphite electrode. Such
transfer provides for glucose electrodes that are easy to make. The electrodes are
made simply by dipping graphite rods into the redox polymer solution and rinsing,
followed by dipping into the enzyme solution and rinsing. Glucose electrodes made
by this technique, in contrast with previous ones, require neither membranes to
contain the enzyme in the proximity of the conductor nor diffusing mediators to
shuttle electrons. Their response times are fast. because the reactant and product
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do not have to diffuse through a membrane and because the active laver on the
graphite surface is thin.

This paper charts a path to the simultaneous maintenance of stability and achieve-
ment of high currents in relay modified enzymes. We find that bonding (covalent
or electrostatic) of high molecular weight polycationic redox polymers to negatively
charged glucose oxidase results in the establishment of direct electrical commu-
nication between the redox centers of the enzyme and carbon or gold electrodes.
The degree of modification of the enzyme that is needed in order to establish
effective electrical communication is reduced when a redox polymer rather than a
group of redox monomers is bound to the enzyme. With a polymer. either elec-
trostatic bonding or covalent bonding of the polymer and the enzyme is sufficient
for the establishment of electrical communication. The electron path now consists
of an array of redox centers. To improve the intrjnsic stability of the redox centers.
the earlier used ferrocenes and ruthenium amines were replaced with rugged com-
plexes of osmium. Reduced glucose oxidase transfers electrons at a high rate to
the Os complexes.

EXPERIMENTAL

Chemicals

Glucose oxidase (E.C. 1.1.3.4) type X. catalase (E.C. 1.11.1.6), bovine serum
albumin (fraction 5) and NaHEPES were purchased from Sigma. The enzymes
were used without further purification. Os(bpy)_CI, (bpy = 2,2'-bipyridine) was
prepared from K2OsCl, (Aldrich) following a reported procedure." 4-aminostyrene
and poly-(4-vinyl pyridine) were purchased from Polysciences. Azobisisobutrvro-
nitrile (AIBN), 4-vinylferrocenc. acrylamide, acrylic acid. N-vinyl-2-pyrrolidone,
glutaraldehyde, and 4-vinylpyridine were purchased from Aldrich. Graphite (HB
pencil leads 0.5 or 0.9 mm diameter, and pyrolytic graphite 3mm, 4mm and 6mm
diameter) and gold wire (0.5mm diameter) were used as electrodes. Cellulose
membranes (Spectra/por 6. 35(W) MW cutoff) were purchased from Spectrum. Los
Angeles.

Abbreviations for the Redox Polymers

The abbreviations used are listed in Scheme 1.

SYNTHESIS OF REDOX POLYMERS

Copolymer of vinylferrocene and acrylamide: Acrylamide (3. lg) and vinylfer-
rocene (0.5g) were dissolved in 50 mL THF. After degassing with N, for 5 min,
35 mg AIBN was added. While under N, the solution was stirred in a 500 C water
bath for 4 h. The solid product was filtered, washed 3 times with THF and dried
in vacuo at ambient temperature.
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SCHEME i

o 0 uPOsI

I I
CH3  [Os(bpy) 2 C2fl

o O a P (dimethyl)Os
4

N I
CH 3  lOs(4, 4'- dImethyI bpy) 2 CI]

o 0 0 a POs-NH2
N N

CH 3  NH 2  (Os(bpy) 2 Cf]÷

0 0 apOs-N-N-G
N N OH

CH3  [OS(bpy) 2 CI) N, ,

Copolymer of vinylferrocene and acrylic acid: Acrylic acid (5g) and vinylfer-
rocene (1g) were dissolved in 50 mL of benzene. After degassing with N, for 5
min, 40 mg AIBN was added. The solution was then refluxed for 2 h and the oily
red precipitate was separated by filtration, washed twice with ether, and dried in
vacuo at ambient temperature.

Copolymer of vinylferrocene and 4-vinyl-N-methyl pyrdinium chloride: Vinyl-
ferrocene (0.5g) and vinylpyridine (8g) were codissolved in 30 mL of benzene.
After degassing with N2 for 5 min, 30 mg AIBN were added and the solution
refluxed for I h. The viscous orange precipitate was separated by decanting the
supernatant solution, washed twice with benzene, dissolved in 30 mL DMF at
120*C. then methylated with 2 mL methyl iodide at reflux. When the methyl iodide
was added, a vigorous reaction took place, resulting in the formation of a yellow
solid precipitate. This precipitate was filtered, washed twice with DMF, twice with
acetone, and dried in vacuo. The yellow powder was then dissolved in 5 mL of
water and the 1- ions exchanged with Ci - on a 15 cm long, 2 cm diameter Biorad
AG2-X4 column, using deionized water as eluent. The solution of the chloride was
used as such.

Quartenized and nonquartenized POs ÷NH,: 4-aminostyrene (Ig), 4-vinylpyr-
idine (9.3g) and 200 mg AIBN were refluxed in 20 ml of methanol for 4 hrs under
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N_,. After the solution was cooled to ambient temperature, toluene was added to
precipitate the copolymer. The yellowish copolymer was filtered, washed twice
with 100 ml of toluene and dried in vacuo to yield lOg of poly(4-vinylpyridine-co-
4-aminostyrene). Os(bpy)zCi2 (1g) and poly(4-vinylpynrdine-co-4-aminostyrene) (Ig)
were dissolved in 25 ml of ethylene glycol and heated to reflux (190°C) for 15
minutes. After cooling to 150'C. 25 ml of DMF was added, followed by 5 ml of
methyl iodide. The solution was allowed to reflux for 30) minutes. cooled to room
temperature. where 50 ml of toluene was added to precipitate the viscous terpo-
lymer. After the supernatant solution was decanted, the polymer was dissolved in
30 ml of water and stirred for 5 minutes with 5g of Biorad AG2-X4 anion exchange
resin in the chloride form. The solution was filtered and the solvent evaporated.
The residual paste was dissolved in 20 ml of ethanol and the solution poured into
250 ml of acetone. The hygroscopic black powdery precipitate was filtered and
dried in vacuo at ambient temperature.

Synthesis of POs' : The procedure employed to prepare this material was iden-
tical to that for POs NH,, except that poly(4-vinylpyridine) MW = 50,0(M) was
used.

Synthesis of P(4.4'-dimethylbpy)Os1 : This synthesis was similar to that of POs,
except that Os(bpy)2 CI2 was replaced by Os(4.4'-dimethylbpy)2 Cl,.

Bonding of POs" NH, to glucose oxidase: POs +NH2 (0.1g) was dissolved in 2
mL of 0.5M HCI. Concurrently, glucose oxidase (0. 1g) was dissolved in a solution
of 0.2g NaHCO, and 0.2g of Na2CO3 in 2 mL of water. After both solutions were
chilled to 5"C in an ice bath, a solution of 30 mg NaNO2 in 10pL of water was
added to the vigorously stirred POs NH 2 solution and was held for 10 s. The
glucose oxidase solution was then added dropwise. removed from the ice bath, and
after 10 min. the POs + N = N - GO was separated from the reaction mixture by
cation exchange chromatography on a Sephadex C-25 column. using NaCi gradient
elution. Spectroscopic analysis shows that the ratio (4-vinylpyridine plus N-methyl-
4-vinylpyridinium)/Os in the polymer is 6.5 = 1.

Electrochemical Cells, Instrumentation and Measurements

These were similar to those described in earlier parts of the series. A Pine Instru-
ments AFMSRX Rotator and MSRX Speed Control were used for the rotating
disk electrode (RDE) experiments. A schematic of the flow cell used in the time
response experiments is shown in Figure 1. All potentials quoted are relative to
saturated calomel electrode (SCE) unless otherwise noted.

Preparation of Membrane Electrodes

The electrode structure is shown in Figure 2. A heat-shrinkable polypropylene
sleeve was first shrunk on a 6mm diameter graphite electrode. The electrode's tip
was then polished with i1pim alumina, sonicated in D.i. water for I min and blown
dry in a stream of N2. A drop of the solution of either the enzyme with the covalently
bound redox polymer, or of the solution of the enzyme with the mobile mediating
redox polymer, was placed on the polished and cleaned tip. The v membrane.
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Enzyme Electrode

Ag/AgCI Reference Electrode

Gold Counter Electrode
Flow Out

Flow ,In

Enzyme Electrode

Ag/AgCl Reference Electrode

Gold Counter Electrode

Flow In

FIGURE I Schematic of flow cell.

pre-soaked in 0.1 M phosphate (pH 7) for 5 min. was rlaced on the enzyme-
solution wetted tip and held in place by an O-ring.

Immobilization of Redox Polymer Modified Glucose Oxidase, or Natural Glucose
Oxldase and Redox Polymer, Near the Electrode Surface

Two solutions were used in preparing each electrode. One contained 5% glutar-
aldehyde in water. The second contained either the modified enzyme (50mg/mL)
and bovine serum albumin (BSA) (100mg/mL), or the natural enzyme (50mg/mL).
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CELLULOSE MEMBRANE

-_----_-- ENZYME
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GRAPHITE HEAT SHRINKABLE
POLYPROPYLENE

FIGURE 2 Structure of the membrane electrode.

the redox polymer (25-5O mg/mL), and BSA (100 mg/mL). In the latter group.
the natural enzyme and/or the BSA was preipitated by some of the polycationic
redox polymers. When this was the case, enough NaCI was added to redissolve
the precipitate. Typically, 10 gLl of the first solution were rapidly mixed with 20
gLL of the second, promptly placed on the polished and cleaned graphite electrode
tip (see above) and allowed to cure at ambient temperature over a water bath,
that prevented drying.

Preparation of Surface-Adsorbed Redox Polymer Electrodes

The electrode structure is shown in Figure 3. A heat-shrinkable polypropylene
sleeve was first shrunk on a 0.5 or 0.9 mm diameter graphite or gold electrode.
The electrode tip was then polished with 0.3 p.m alumina. sonicated in D.I. water

HEAT SHRINKABLE

POLYPROPYLENE

GRAPHITE
OR

GOLD

FIGURE 3 Structure of thc surface-adsorbcd redox polymer electrode.
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for 20 seconds and blown dry with a stream of N,. A drop (4 ILl) of quaternized
for nonquaternized POs' NH, solution (2.6 mg/mL solvent) was applied to the
electrode tip, allowed to stand for 4 minutes and then washed off with D.l. water
in the case of the quaternized polymer or with ethanol in the case of the nonqua-
ternized polymer. Different levels of quaternization were produced by exposing
the nonquaternized surface adsorbed polymer to methyl iodide vapor at ambient
temperature for time periods of up to 35 minutes, then exchanging the iodide with
chloride through repeated washings in 1 M NaCI. Electrodes for the RDE exper-
iments were polished and modified with redox polymer in a similar manner.

RESULTS

Effect of the Copolymer's Charge on the Electron Transfer Kinetics

Copolymers of vinylferrocene and anionic, neutral and cationic monomers were
investigated by cyclic voltammetry as oxidants for reduced glucose oxidase (Table
1). The experiments were carried out with glassy carbon electrodes (without mem-
branes or enzyme immobilization) in quiescent solutions under N,. At the scan
rate employed (1 mV/s) all of the redox polymers showed diffusion controlled and
reversible one-electron transfer voltammograms (Figure 4. curve a). In the absence
of a redox polymer. or of an electron relay bound to the enzyme, glucose oxidase
did not exhibit any observable electrochemistry. One observes, however, when
both a redox polymer and glucose oxidase are present. the electrochemical oxi-
dation of the reduced enzyme. The reaction sequence in this case is:

glucose oxidase-FAD + glucose glucose oxidase-FADH, + gluconolactone (1)

glucose oxidase-FADH, + RP-- glucose oxidase-FAD + RPn" -2 (2)

RP(n- 2)+ - RP" + 2e - (3)

In reaction 2 two ferrocinium centers of the redox polymer (RP) transfer electrons
to the reduced enzyme in apparently single electron transfer steps (Figure 4, curve
b).

TABLE I

Co-monomer/vinylferrocene ratios for the anionic. neutral and cationic co-polymers of
polyvinylferrocinium chloride

Copolymer of polyvinylferrocene Co-monomcr/vinylfcrrocenc ratio

sodium polyacrylate 32
polyacrylamide 300
poly-N-vinylpyrrolidone 62
poly-N-methyl-4-pyridinium chloride 2W0

" '".- r:.i



REDOX POLYMER COMPLEXES 151.5,1229

< b

-0.2z

a

0.2 0.3
POTENTIAL, VOLTS (SCE)

FIGURE 4 Cyclic voltammograms obtained with a solution containing glucose oxidase and
poly(vinvlferrocenc-co-N-methylpyridinium chloride) withou; glucose (curve a) and with 30rmM glucose
(curve h). 3mm diameter glassy carbon disk electrode: scam rate ImV/s.

Containabillty of the Water-Soluble Redox Polymers in Membranes

Nonpolymeric rcdox couples, including ferrocene derivatives, diffuse readily through
cellulosic membranes such as Spectra/por 6. Their transport is readily observed.
for example, by increase in absorption at wavelengths characteristic of the redox
mediator in the electrolyte outside the membrane-enclosed compartments. Their
diffusion is somewhat, but never fully retarded when the membrane and the non-
polymeric mediator are both anionic or cationic. Thus, the diffusion of ferrocene
carboxylate is slowed by cellulosic membranes with sulfonate groups. The water-
soluble polymeric redox couples are, in contrast, easy to contain. No transport of
the ferrocene-containing redox polymers through the standard membranes em-
ployed was detected by absorption spectroscopy.

Electron Transfer from Reduced Glucose Oxidase to POs0

Complexes of osmium, including [Os(bpy)2(py)Clj 2 -+ " (where bpy is 2.2'-bipyr-
idine or one of its derivatives and py is pyridine or one of its derivatives) are
exceptionally effective mediators in the electro-oxidation of reduced glucose oxi-
dase. Complexing of the Os(bpy)* with high molecular weight poly(vinylpyridine)
makes this mediator membrane containable. The complex formed with poly-
(vinylpyridine), that is partially methylated to form the water soluble N-methyl-
pyridinium polymer POs +, is an effective acceptor of electrons from glucose oxi-
dase. Figure 5, curve a shows that voltammogram of POs in 0. 15M NaCi with
0.1 M phosphate buffer. The separation between the reduction and the oxidation
peaks is about 20 mV, indicating that the polymer is strongly adsorbed on the
graphite electrode. When glucose oxidase (10l.M) and glucose (50mM) are added,
enhanced electro-oxidation of the enzyme-reduced POs + is observed (Figure 5.
curve b). Addition of 0.5M NaCI, i.e. increase of the NaCi concentration from
0.15M to 0.65M stops the reduction of POs+ by glucose oxidase (Figure 5. curve
c). No glucose concentration dependent current is seen and the only electrochem-
istry observed is that of strongly adsorbed POs +.
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FIGURE 5 (vclic voltammograms obtained with a Q. I M pf 1 7 phosphate buffer solution ol glucose
oxidase and POs' without glucose and with 0. I1M Na('l (curve :,): with 50I mM glucose and I). ISI
NaCI (curve b): and with 50mM glucose and 0.65M NaC' (curve c). 3mm diameter glassy carton disk
electrode; scan rate ImV/s.

Electron Transfer to P(4,4'-Olmethylbpy)0s+

The electrochemistry of this redox polymer differs from that of POs' in two ways.
In the absence of glucose oxidase and glucose (Figure 6. curve a) the separation
of the reduction and oxidation peaks is about 6) mV suggesting weaker adsorption
on graphite: and the polymer's redox potential is shifted from 0.25 V (SCE) for
POs+ to 0.15 V (SCE) for P(4,4'-dimethylbpy)Os '. In the presence of glucose
oxidase (Figure 6, curve b) the glucose dependent current reaches a level similar
to that seen for POs' (Figure 5, curve b).

Electron Transfer to Go - N = N - POs+

Bonding of the osmium-containing redox polymer to glucose oxidase by one or
more azo-bonds has two beneficial effects: it increases the rate of electron transfer
from the reduced enzyme to the polymer and it allows the clectro-oxidation to

4b

1-" 1.o7
z
W

0.1 0.2
POTENTIAL, VOLTS (SCE)

FIGURE 6 Cyclic voliammograms obtained with a 0.15M NaCI,. ).1 M ptl 7 phosphate buffer solution
of glucose oxidase and P(4.4'-dimethylbpy)Os* without glucose (curve a). and with 50mM glucose
(curve b). 3mm diameter glassy carbon disk electrode- scan rate ImV/s.
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persist even in I M NaCi solutions, where the unbound POs' glucose oxidase system
shows no observable glucose concentration dependent electrochemistry. The vol-
tammogram of the chemically modified enzyme, in the absence of glucose. is seen
in Figure 7. curve a. While for unbound POs' the separation of the reduction and
oxidation peaks is approximately 20 mV, the separation for the modified enzyme
is 60 mV. suggesting normal diffusion dependence. When glucose is added to the
0.15M NaCI 0.1M phosphate buffer solution containing 101LM of the modified
enzyme. electro-oxidation of the modified enzyme is observed (Figure 7, curve h).
The oxidation current attained at sufficiently oxidizing potentials is about fourfold
higher than for the native enzyme and unbound POs'. While addition of 0.85M
NaCI decreases the current by a, factor of approximately 4 (Figure 7, curve C).
electro-oxidation of the modified enzyme persists. Figure S shows a calibration
curve for a glucose selective electrode made wth the GO - N = N - POs'
enzyme and with a 35(M) MW cutoff Spectro/por 6 membrane. At 0.32 V (SCE)
the current increases linearly with glucose concentration up to approximately 10
mM.

7.0

6.0

5.0

.4.0

• 3.0

2.0

1.0

0 .0 .................

0.1 0.2 0.3 0.4
POTENTIAL, VOLTS (SCE)

FIGURE 7 Cyclic voltammograms obtained with GO - N = N - POs' in O.IM pH 7 phosphate
buffer without glucose and with 0. 15M NaCI (curve a); with 50mM glucose and 0. 15M NaCI (curve h);
and with 50mM glucose and 0.65M NaCI (curve c). 3mm glassy carbon disk electrode, scan rate 2mV/s.



232/15181 M. V PISIIK( et a/.

3.0-

g- 2.0 -
z

:D

1.0

I I I I

5 10 15 20

GLUCOSE CONCENTRATION, mM

FIGURE 8 Glucose concentration dependence of the current at 0).32V (SCE) for the GO - N =

N - POs* membrane electrode.

Voltammetry of Adsorbed POs + NH2

The behavior of nonquaternized and quaternized POs' NH, (El = 0.25 V) ad-
sorbed on carbon and gold electrodes was investigated by cyclic voltammetry (Fig-
ures 9a, 9b. 10a. 10b). The experiments were carried out in a quiescent solution
of 0.15 M NaHEPES titrated to pH 7 with 10 M HCI (final ionic strength 0.27 M).
The electrodes were allowed to cycle for approximately 15 minutes to allow the
polymer films to swell or shrink before scans were recorded. Scan rates from 2
mV/s to 200 mV/s were employed. Integration of the cyclic voltammograms at low
scan rates (2-5 mV/s) showed that approximately 1.0 x 10-1 moles/cm2 of non-
quaternized POs * NH 2 are electroactive on abraded graphite electrodes and 1.0 x
10- Imoles/cm- on gold electrodes. For the quaternized polymer. 1.0 x 10-' moles/
cm 2 are electroactive when adsorbed on abraded graphite and 5.0 x 10-1" moles/
cm 2 when on gold. Rotating disk electrode experiments revealed that the polymer
does not desorb even at high rotation rates (2000 rpm). Furthermore. coulometry
showed that less than 10% of the polymer desorbed from the electrodes upon
storage for 30 days in a stirred water bath. An increase in chloride concentration
of the electrolyte caused the peaks to be shifted negatively (Figures 1 Ia and I Ib).
For the nonquaternized polymer, increasing [CI -j from 0.15 M to 1.36 M shifted
the peaks 45 mV negative. For the quaternized redox polymer, the peaks shifted
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FIGURE 9 (a) Cyclic voltammograms at different scan rates for nonquatcrnizcd POs NH, adsorbed
on abraded graphite (electrode surface area 0.(X)8 cm-). Scan rates: a) 2 mV/s. b) 5 mV/s. c) 10 mV/
s. d) 20 mV/s. c) 50 mV/s, and f) 100 mV/s. 0. 15 M NaHEPES. pHI 7. (b) Cyclic voltammograms at
different scan rates for nonquatcrnizcd POs' NH, adsorbed on gold (clcctrode surface area 0.002 cm:).
Scan rates: a) 5 mV/s. b) 10 mV/s, c) 20 m V/s. d) 50 mV/s, c) 10O mV/s. and f) 200 mV/s. 0.15 M
NaHEPES. pH 7.
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50 mV negative for an increase from [CI - i= 0I. 12 M to JCI =1.0 M. Decreasing
[Ci -I to 01.27 M shifted the peaks back to their original positions. The formation
of the enzyme-polymer complex also shifted the peaks 41) mV negative.

Glucose Response of the Enzyme-Polymer Complex Adsorbed on the Electrode
Surface

The oxidation of glucose by the glucose oxidase-POs' NH, surface adsorbed com-
plex was studied by cyclic voltammetry. Electrodes were produced by adsorbing
quaternized POs *NH, on the surface of a graphite electrode. This surface laver
was examined by cyclic voitamnmetry, washed with D.I. water and then dried in a
stream of N,. A 4 jLL droplet of glucose oxidase solution (4.5 mg/mL) was placed
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FIGURE 10 (a) Cyclic voltamnmogramns at diffcicnt scan rates for quatcrnized P(Ys' Nil, aldso)rbed
on abraded graphite (electrode surf-ace area 0.(X02 crm:). Scan rtels: a) 5 mnVls. h) I0 mV/s. c:) 20 mV/'
s, d) 50) rnV/s, c) IMO mV/s, and f) 2WX mnV/s. 0. 15 M Nal IEPES, pi 1 7. (h) Cyclic woItamrmogramns at
different scan rates for quaternizcd POs'NII, adsorbed on gold (electrode surface area O.AX)2 cm-, .
Scan rates: a) 5 mnV/s, b) 10 mnV/s, c) 20 rnV/s, d) 50I rV/s, c ) IM( rnV/s, and f) 2W0 rV/s. 0).15 M
NaHEPES. pH 7.

on the electrode surface, contacted for 10 minutes and then rinsed in a stream of
D.I. water. The glucose response of the electrodes was tested in 601 mM glucosei
0.15 M NaHEPES solutions at pH 7. No containment membrane was used. The
cyclic voitammograms for the oxidation of glucose by the enzymc-polymer complex
are shown in Figure 12 and the steady state response at a constant potential of 0).45
V is shown in Figure 13 for both a (0.5 mm graphite electrode in a quiescent solution
and a 4 mm pyrolytic carbon disk electrode rotating at 20 rpm. Similar results were
obtained for electrodes using gold. Chronoamperometric measurements taken in

i I I II I II I
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FIGURE 10 continued

the flow cell show that the response time to a change in glucose conccntration of
the enzyme/quaternized polymer/electrode system is less than I s (Figure 14). (The
definition of response time for this purpose is the time necessary to reach I/2
maximum response). Response times for different flow rates are shown in Figure
15. The glucose concentration dependence of the current at 0.45 V for the enzyme/
quaternized polymer/electrode system is shown in Figure 16. Only a background
current is present at zero glucose concentration.

Effect of Degree of Quaternizatlon on Glucose Response

The effect of the degree of quaternization on electron transfer between the polymer-
enzyme complex adsorbed on a graphite electrode was studied by cyclic voltam-
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FIGURE I I (a) Cyclic voltammograms for nonquaternized POs NH, at different sodium chloride
concentrations: a) CId I = (. 15 M and b) ICI I = 1.36 M. Scan rate: 5 mV/s. (h) Cyclic voltammograms
for quaternized POs'NH, at different sodium chloride concentrations: a)IC! I = (3.12 M and h)
JCI- I = 1.00 M. Scan rate: 5 mV/s.

metry. Electrodes were tested in 60 mM glucose/0.15 M NaHEPES solutions at
pH 7. Increasing the degree of quaternization (i.e. exposure time to methyl iodide
vapors) produced no substantial increase in current density per mol of POs " NH2
adsorbed on the electrode surface. The degree of quaternization did, however.
have a substantial effect on the hysteresis of the cyclic voitammograms (Figure 17).
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Electrodes produced with the nonquaternized redox polymer exhibited large hys-
teresis. Increasing quaternization decreased substantially the hysteresis.

Adsorption and the Effect of Ionic Strength on the Surface Adsorbed Enzyme/
Polymer Complex

Adsorption and the effect of ionic strength on glucose oxidase adsorbed on graphite
electrode surfaces modified with POs' NH, (quaternized) were studied by cyclic
voltammetry and chronoamperometry. The electrodes were placed in 4 mL solu-
tions of 60 mM glucose/fl. 15 M NaHEPES at pH 7. degassed with N,. 0.9 ý±g of
catalase (44,000 units/mg protein) were added to prevent the deactivation of glucose
oxidase by evolved HO,. Approximately 10 i.L of 4 mg/ml solution of glucose
oxidase was slowly injected (final glucose oxidase concentration: 10 pLg/mL) into
the electrochemical cell. The potential was then stepped from (0 V to 0.45 V. The
response of the electrode is shown in Figure 18. A similar result was obtained from
cyclic voltammetry. As was reported earlier,' electron transfer in the enzyme-
polymer complex stops in 0.65 M NaCI. In a similar adsorption experiment per-
formed at 0.65 M NaCI no glucose response was observed. An inactivation ex-
periment was performed using an electrode with adsorbed polymer and enzyme.
then increasing the ionic strength to 0.65 M by injection of I M NaCl/60 mM
glucose solution into a stirred cell or in a cell using a pyrolytic carbon disk electrode
rotating at 20 rpm. Figure 19 shows the glucose response rapidly decreasing. Only
a background current, unrelated to the glucose level, remains at an ionic strength
of 0.65 M. The electrode was then removed from the high ionic strength solution,
rinsed with copious amounts of D.I. water and placed into a solution of low ionic
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FIGURE 13 Stcady state glucose respx)nse of glucose oxidase adsorbed on a POs' Nil (quaternizcd)
surface modified electrode in 60 mM glucose. 9.9 units/mL catalase. 0.15 M NaI IEPES at pH 7.

strength. After a period of approximately 2 hours the electrode regained 75% of
its initial response.

DISCUSSION

Mediation of Electro-Oxidation of Glucose Oxidase by Redox Polymers

The advantage of polymeric redox mediators in the enzyme electrode based sensor
applications is that they are membrane containable. While low molecular weight
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FIGURE 14 Electrode response to a change in glucose concentration from 0to 50 mM glucose in
0. 15 M N-aHEPES at pH 7. 9.9 unit./mL catalase. Flow rate: 91 mLJmin.

redox couples diffuse through membranes that transport reaction substrates and
products, polymeric redox couples do not. Thus. for example, simple cellulosic
membranes of 3500 MW cutoff effectively contain both the redox polymers and
glucose oxidase in the enclosure near an electrode. Such containment is of relevance
to the design of mediator-based in vivo enzyme electrodes when the redox mediator
is toxic or if there is uncertainty about the effect of releasing the mediator into the
tissue.

• m m | m I i
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Effectiveness of Polycationic Redox Polymers as Mediators

In agreement with results of Kulys. Cenas and their coworkers."' polycationic redox
polymers are shown to be effective electron shuttles. We find that the polycationic
polymers shuttle electrons from reduced glucose oxidase to graphite electrodes
more rapidly than neutral or weakly cationic redox polymers. and that the latter
do so faster than polyanionic redox polymers. This suggests that electrostatic bond-
ing of the polycationic polymer to the negatively charged enzyme creates a transient
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FIGURE 16 Glucose concentration dependence of the current density at 0.45 V for the gluco~se oxidasc/
quaternized POs" NH-,/ raphite electrode system in 0. 15 M NalIEPES at pll 7,.9.9 unit%/mL catalase.

complex where the electron transfer distance is reduced. That the relevant bonding
in the transient adduct is electrostatic in nature is evident also from the effect of
the NaCi concentration on the rate of electron transfer from reduced glucose
oxidase to the polycationic redox polymer POs '. The decrease in the rate of
electron transfer is reflected in the voltammograms of Figure 5. While at 0. 15M
NaC! one observes only the mediated electro-oxidation of glucose. no such electro-
oxidation is seen in IM NaCI: the only electrochemistry seen is that of the redox
polymer. Evidently, at low electrolyte concentrations the polyanionic enzyme and
the polycationic redox polymer electrostatically bind each other, while at high NaC!
concentrations the redox polymer coils,"I increasing the electron transfer distance
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cosc, 0.15 M Na|IEPES at pH 7. Scan rate: I mV/s.

and thus preventing electron transfer from the enzyme to the polymer. Because
the entropy of mixing of the macromolecules is small, transient electron transferring
complexes are not formed at high NaCI concentrations.

Electron Transfer from Reduced Glucose Oxidase to Polycationic Osmium
Complexes

The redox potentials of several osmium(bpy),(py), complexes are positive of glu-
cose oxidase." Meyer and his group have shown' that osmium complexes of
bipyridine, pyridine and related heterocyclics are also fast redox couples. and that
their redox potentials can be tailored over a broad range. The redox potential of
Os(bpy) 2(py)CI is approximately 0.3 V (SCE). appropriate for oxidation of reduced
glucose oxidase. When its complexing pyridine is replaced by poly(vinvlpyridine),
the redox potential drops to 0.25 V (SCE) (Figure 5). The potential is further
reduced to 0.15 V (SCE) and thus brought closer to the redox potential of the
enzyme upon replacing the bipyridine with 4.4'-dimethyl-bipyridine (Figure 6). The
osmium complexes that were investigated accept electrons from the FADH, centers
of glucose oxidase rapidly. Consequently, they are effective mediators of the elec-
trochemical oxidation of the enzyme on conventional electrodes (Figure 5. 6).

Electrical Communication between Glucose Oxidase and Electrode Surfaces via
Covalently Bound Polycatlonic Redox Polymer Relays

The polycationic copolymer POs + NH 2, that contains aminostyrene in addition to
the Os-complexing 4-vinylpyridine functions, can be covalently bound to glucose
oxidase by forming its diazonium salt and reacting it with tyrosine or tryptophane
residues of the enzyme.

The systems with the enzyme bound polycationic redox polymers differ from the
unbound ones in their electron transfer characteristics and therefore, in their elec-
trochemical characteristics. In the unbound redox polymer/enzyme system the rate
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FIGURE 18 Chronoamleromctric response of quatcrnizcd POs' NI I./graphite electrode in |0 I.F/mL
glucose oxidlasc 60 mM glucose. 0. 15 M NaHEPES at pH 7.

of electron transfer declines rapidly when the electrolyte concentration is increased.
becoming vanishingly small at IM NaCI, when coiling of the polycationic redox
polymer increases the electron transfer distance between the polymer's redox cen-
ters and the FADH2 centers of the enzyme. In the covalently bound system the
decline is less significant and electron transfer persists even in IM NaCI. showing
that the polycationic redox polymer is held within electron transfer distance of the
enzyme's FADH2 centers by the covalent bond.

The electron transfer characteristics of the polycationic electron-relay modified
glucose oxidase translate to advantageous characteristics in the glucose electrode
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made with this modified enzyme (Figure 7). The bound system leads co a fourfold
increase in current (Figures 5 and 7) and the electro-oxidation of glucose persists
even at high NaCI concentrations.

Adsorption of Poly(vinylpyridine) Complexes of Os(bpy)2CI÷2÷ 3

Voltammetric results for both the nonquaternized and quaternized POs NH, poly-
mers show that these are strongly adsorbed on abraded graphite surfaces. This is
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evident from the reduced peak splitting (Figures 9 and 101). from the steady per-
formance of the electrode rotated at 2(MX) rpm and from the small loss ot polymer
after storing 30 days in a stirred water bath.

Adsorption of Glucose Oxidase on POs+ NH2 Coated Electrodes

That glucose oxidase is strongly adsorbed on POs' NH, coated electrodes and that
its redox centers are electro-oxidized by these is seen in Figures 13. 14. and 17.
Chronoamperometry shows that even at high enzyme dilution the enzyme builds
up on the PVP-Os(bpy),CI ' coated surfaces (Figure 17).

Oxidation of Glucose by Surface Adsorbed Enzyme-Redox Polymer Complexes

Electrodes first dipped in a quaternized or norlquaternized POs' NH, solution.
rinsed. then dipped in a glucose oxidase solution and again rinsed, can be used as
glucose sensors (Figures 12, 13, and 17). Electrons are transferred from the reduced
enzyme, via the polymer, to the electrodes. One advantage of surface adsorbed
enzyme-redox polymer complexes in enzyme~electrode based sensor applications
is that they do not require a membrane or other form of containment. Unbound
redox mediators and enzymes require containment (i.e. membranes and gels) to
prevent them from diffusing away from the electrode. Because glucose must diffuse
through the membrane or gel, such containment lengthens the time response of
enzyme-electrode sensors to a sudden change in glucose concentration. Strongly
adsorbed surface complexes require no containment to prevent out-diffusion of the
enzyme from the electrode. Thus, the response of the electrode is only limited by
the transport of glucose through the solution. In a flow system, the time response
is less than I s (Figure 15). faster than has been reported for sensors employing
membranes. ' 3

Redox Properties of the Surface Adsorbed Redox Polymer

The small values for AEp indicate that both the nonquatcrnized and quaternized
polymers are strongly adsorbed. Increased peak splitting has been attributed to
poor electron transfer between the polymer film and the electrode surface, slow
diffusion of counter ions into the polymer film,' or film (or solution) resistance
effects."' Peak splitting on carbon is lower than on gold for both polymers, sug-
gesting either faster electron transfer to carbon, or a more open polymer mor-
phology, which may allow faster counter ion transport. The penetration of counter
ions into the film and film morphology have been shown to significantly affect the
electrochemical response of adsorbed poly(4-vinylpyridine) 2 and plasma polymer-
ized vinyl ferrocene films. '6 The mid-height peak widths for both polymers are
quite broad, suggesting either heterogeneity in the electrode surfaces or a low
degree of order in the polymer film. '5 Since peak widths on polished gold are nearly
as broad as those on carbon, the latter explanation seems more likely. The shift
in peak position caused by increased [CI -I is attributed to differential ion pairing
of [Os(bpy) 2CIJ ]3 and [Os(bpy)2CI]+ 2 with chloride. Strong ion pairing by the
oxidized form of the redox couple is expected to produce a negative shift. Differ-
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ential ion pairing has been observed in polv(4-vinvl pyridine)/jFe(CN),], films- and
cyctochromes.,

Electrostatic Complexing between the Redox Polymer and the Enzyme

Both nonquaternized and quaternized POs* NHI have been shown to effectively
relay electrons from glucose oxidase to the electrode surface. Ouaternized POs NH,
is preferred because of the absence of hysteresis shown in cyclic voitammograms
and the fast electron transfer indicated by surface voltammetrv experiments. At
increased ionic strength, electron transfer ceases in the electrostatic enzymeipoly-
mer complex, with enzyme related changes accounting for a very minor fraction
of the loss.' We have shown here that the enzyme and the redox polymer remains.
nevertheless, on the electrode surface. We attribute loss in glucose response to
coiling of the polycationic redox polymer at high;lonic strength."' The coiled poly-
mer no longer folds along the protein.

Conclusions

Glucose oxidase, an enzyme having a hydrodynamic diameter of 86A" and two
deeply buried FAD/FADH2 redox centers, does not exchange electrons with con-
ventional electrodes because the distance between the FAD/FADH, centers and
the electrode surface is excessive for electron transfer even upon adsorption of the
enzyme. At low electrolyte concentrations transient electrostatic complexes are
formed between glucose oxidase and polycationic redox polymers. These polymers
penetrate the negatively charge enzyme sufficiently to allow electron transfer to
occur between the FADH2 centers and the Os centers of the polymer. Electrons
are then transferred by the redox polymer to the electrode surface. At high elec-
trolyte concentrations the transient enzyme-redox polymer complexes do not form
because of coiling by the polymer. As a result, glucose is not clectro-oxidized at
high electrolyte concentrations.

Polycationic osmium complexes emerge as particularly effective acceptors and
thus as useful mediators in the electro-oxidation of glucose. Covalent bonding of
a polycationic redox polymer to the enzyme results in a structure wherein the
distance between the FADH2 centers and the redox centers of the polymer is
sufficiently short to allow rapid electron transfer. Electrons transferred from the
FADH 2 centers may then percolate along the redox polymer chains and transfer
to the electrode. In contrast with electrodes made with the unbound redox polymers
that become inactive at high electrolyte concentrations, electrodes made with the
enzyme covalently bond to the redox polymer continue to electro-oxidized glucose
at high electrolyte concentrations. Evidently the bound polycationic redox polymer
cannot coil to the degree that electron transfer from the enzyme ceases.

The electrostatic complex of polyanionic glucose oxidase and polycationic POs " NH 2
is strongly adsorbed, at physiological ionic strength, onto a graphite electrode
suffaces. The adsorbed polycationic redox polymer serves as an effective electron
transfer relay between the FADH2 centers of glucose oxidase and the electrode.
This electrostatic complex forms the basis for a glucose electrode with a fast re-
sponse time that does not require a membrane or a diffusing electron carrier.
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Miniaturized Flexible Amperometric Lactate Probe

Dan Li Wang and Adam Helier"

Department of Chemical Engineering, The University of Texas at Austin, Austin, Texas 78712-1062

A 1 11 bteli elsokods was ide of 400 * 100 7-•m- work. The enzyme catalyzes reaction I and also the oxidation
diuns- rmou•b•mn•l-.,pxy abodsd Ina 0.3nm•unssr of the FADH2 by 0,, whereby H20)2 is formed. Amperometric
pogl ifide b ng. Themlshrod wasemuo ed by proctplA
an A toe r-Iifvsly hIsoMis oonplex f s klfwm 1100 LOX-FAD + lactate - pyruvate + LOX-FADH2 (1)

Wea paodyf N-avelhlndne qulrnaW eri~e poIIYwb*,i)-
O(bh'pl Id@ c]0 (POe.EA) and alat.t cedase. The lactate sensors have been based on this reaction combined
sdeady-sd* ba•idos Id-om -droe , at 2 mM baheto with reactions 2 and 3, where MI. and M, are the oxidized

stonhA n me d at ,22 Cwas 400 mA. Th* 50 +10 pa
4 cmead and #w 20 n -A 2 W-1 soi gtht LOX-FADH2 + 2M. - LOX-FAD + 2Mw, (2)

decrased oy by 5% Whm Oe pe d presse. of oxygen
was in asd Irom 0.0 1* 0.2 aba. The ecItrodo retainsits M.- M. + 2 e (3)
eensMy dIter ydry storage al 4 °C Ifr 4 m-snts In * lbd
koen had of Its sosIe•dt In 7 h d 37 °C hrough poly.w and the reduced forms of a diffusional mediator, such as 02/
dAeorplUi when ope-i-d at 0.4 V (SC). To obhm&do H2OorFc*/Fc(whereFcisaferrocenederivative).5-' 0 FAD/
h! i a -byspedeld wM olbd d dood d OA V (SCE), FADH2 centers of LOX were also nondiffusionally electrically
the lis ef4eslng probe was (a) ledeoialy hIiiiied wUh connected to electrodes through a three-dimensional redox
an epoxy nle atof poly(fylmMude) cron4ie.d with epoxy-based electron-relaying network."

hs gas-s 0yco dA'lddl o•her and (b) coated with en Lactate monooxygenase from Mycobacteriwn smegmatis,
Inob~Ned h percidase (aRP)-in0eee oxIaaso having an FMN cofactor, has also been applied in lactate
(GOX)MIn. Thoel•erfnmwasformnedby c Aft obiigthe sensors. This enzyme catalyzes the oxidation of lactate by
two m . tivough pelodite oxldation af th olgos- oxygen to acetic acid and carbon dioxide.' However, the
chro.to alisfhyd a Id sg ScIdIl base between the enzyme is inhibited by phosphate,12 an ion present in blood

poflyiiebdssandthemeef s'lyq e lnthe presence and other tissues, whereas lactate oxidase from Pediococcus
of 1 mM G0cac and he In h, to WIortshg pheirBUM- d a ON sp. is not inhibited by phosphate. Because the sensor is to
0.1 ai maorbet was redwoed by a ftair of 20. Tmi be used in phosphate-containing physiological solutions, the
roeduton toent frm wi ot of hybogen peroxi in hio Pediococcus enzyme was used in this work.

• c-i=o ; d- -- a tuutooftale In vivo measurement of lactate is of clinical interest in

ha IMWOM •lyzed by HW. monitoringshock, respiratory insufficiency, and heart fail-
ure.Min and flexibility of sensors is relevant
to lactate monitoring at a specific site or in an organ where
tissue damage upon electrode insertion must be avoided.

INTRODUCTION Miniature glucose sensors"'-"8 based on glucose oxidase, an
enzyme of higher specific activity than that oflactate oxidase

Simple glucose electrodes have been made by adsorbing a (LOX), have been reported,14-"8 One limit imposed onpoly[(vinyipyridine)Oe(bipyridine)aCI]Cl (POe-EA) deriva- mnauiaini eie yteaheal urn

tive on graphite, rinsing, and then complexing glucose oxidase miniaturization is defined by the achievable current

to the adsorbed polymer.' Upon complexing, the adsorbed (5) Wandrug, J.; Tvede. K.; Grinsted, J.; Jordening, H. C/t Chem.
redox: polymer binds and penetrates the enzyme and estab- 1989,35/8,1740-3.
lishes electrical contact between the redox centers of the (6) Hajizadeh, K.; Halsall, H. B.; Heineman, W. Taloxta 1991,38,17-
enzyme and a graphite electrode.2 Here we apply such a 47"(7) Secbaud, F.; Peguin, S.; Coulet, P. IL; Bardeletti, G.: Process
complexing process to forming lactate electrodes on flexible Biochem. 198, 24 (Feb), 33-8.
bundles of epoxy-embedded, polyimide tubing-contained, (8) Cas, A. R; Davis, G.; Francis, G. D.; Hill, H. A. 0.; Aston, W. J.;
carbon fibers The electrodes are coated with an interferant- Higgins, L J.; Plotkin, E. V.; Scott, L D.; Turner, A. P. F. AnaL Chem.

1984,56, 667-71.
eliminating layer, containing coimmobilized horseradish (9) Schumann, W.; Loffler, U.; Wohlachlager, H.; Lammert, IL;
peroxidase (HRP) and glhuose oxidese (GOX). In an aerated Schmidt, H.-L; Wiemhofer, V D.; Gopel, W. Sens. Actuators 1998, B,
glucose solution, HO% is generated within the flin through 571-5.

(10) Loftier, U.; Wiemhofer, H. D.; Gopel. W. Biosens. Bioelectron.
the GOX-catalyzed reaction. The HAO, oxidizes the inter- 1991, 6, 343-8.
feuants, but not lactate, in the HRP-catalyzed reaction. The (11) Lockridge, 0.; Massey, V.; Sullivan, P. A. J. Biol. Chem. 1972,
interference elimination process is built on that described for 247, 8097-160.

(12) Takemori, S.; N"kui, Y.; Katakiri, K.; Nakamura, T. FEBS Lett.
gluose electrodes, where lactate oxidase has been used to 1969,3, 214-6.
generate HA)0 in a lactate-containing aerated solution.3 (13) Mascini, KS; Moecone, D.; Palleschi, G. AnaL Chim. Acta 1984,

Lactate oxidase from Pediocccus sp. commonly used in 157,45-51.
peometriclactate sensors, has been used throughout this (14) Pishko, M. V.; Heller, A. Anal. Chem. 1991, 63,2268-72.

(15) Yokoyama, K.; Sode, K.; Tamiya, E.; Krube, LAnal. Chim. Acta
1989,218, 137-42.

(1) Pishko, I. V.; Katahis, L, Lindquist, S.-L.; Ling, Y.; Grng, B. A.; (16) Suzuki, H.; Tamiya, K; Karube. L Anal Chem. 1", 60,1078-80.
Holler, A. Angew. Chem., Int. Ee. Enrg. i9", 29,82-4. (17) Tamiya, K; Karube, L; Hattori, S.; Suzuki, M.; Yokoyama, K.

(2) Helle, A. J. Phys. Chema. 1•92,96,3579-87. Sens. Actuators M98, 18,297-307.
(3) MaIdan, P.; Heller. A. J. Am. Chetm Soc. 1991, 113,9003-4. (18) Gernet, S.; Koudelka, M.; De Rooij, N. F. Sens. Actuators 1989,
(4) Katakis, L; Heler, A. AnaL Chem. 1992, 64, 1008-13. 17, 537-40.
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F14 &. Cydcl vollammogmnis of the lactate electrode hin pH1 7.13
phosphate bailer w~lt 0. 1 M N&i, ider ak. scanr rate. 2 mV/a: (a) of the polymer. When 2 mM lactate is added to the solution,
no Inletee (b) 2.0 n lactate. only an electrocatalytic oxidation current is observed at scan

enzyme and redox polymer containing gel.14 Such charac- rates below 5 mV/s. In the absence of a cross-linker the
teristics are obviously not realized in the fiber bundle POs-EA/LOX layer thickness, estimated by 08+3 coulomi-

Figure 2 shows the doubling of ip, in peaks of the cyclic etry, is0.5 *0.2 jsm (assuming that the molecular weight of
voltammogram (of a cis-bis(Z2'(4-methylamino)bipyridine- each Os-Containing segment is 1100 and that the polymer's
N,N')dichlcocmwmum(II) solution] upon Triton-X-100 trat density is near 1 g/cm3). When the P09-EAA complexes the
ment of the electrode. Evidently adsorption of the nonionic enzyme, precipitation is observed at 1:1 and 1:3 polymer to
detergent Triton X100 inproves the wetting of the sufceb enzyme ratioe?2 Thus, the film formed on the fiber-bundle
the solution, elect~rode contains aprecipitate. Measurement of the oxygen

Figur 3 shows cyclic voltammoprams of the carbon fiber- sensitivity of the lactate fiber-bundle electrode made with a
bundle electrode without lactate and with 2 ruM lactate. In 1:1 polymer/enzyme weight ratio film (Figure 4) shows that
the absence of lactate, the separation of the anodic and the the steady-state electrocatalytic cuirrent in air is only 3.6%
cathodiclpeeks is40* 2OmV. An increase in peak separation below that in nitrge at the physiologically relevant 1.5 mM
with scan rate is observed in thicker films, produced by cross- lactate concentration.
linig theenzymepolymer complex with polyethylene glycol The 10-90% rise time of the steady-state electrocatalytic
digycidylether2O For a fast, sftrogly adsorbed redox couple currenft in a flow system at a 4 cm/s linear flow velocity (for
the separation would have bean nil, while for a nonadsorbed an increase in lactate concentration from 0 to 2, 0 to 3, or 0 to
fast redox couple the separation would have been 59 mV. 4 mM) is 12 a.
Maintenance of the electrode at +0.4 V (BCE) for a prolonged The pH dependence of the elect~rocatalytic current was
period Inad to loss of nion-crosslinked redox polymer. This measured in air at 1 mM lactate concentration and at a Poe-
is evident from the reduction in the coulometrically measured
charge associated with elecftrreduction and electroouidation (26) Katsks I.; Davidson, L; Heller, A., unpublished reslts
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Table 1. Steapg Stailty at 4 OC in Air

days current (nA) at 2 mM lactate 10

0 11.1
30 10.5
62 11.6
77 10.1 so

120 11.9
40

40Glucose 20
40- injection

0

32- . ' 01. '

f Lactate concentration, mM

24u, FlpS. Steady-stWas ctate response cwves for electrodes wlUmou
24 (M) and with (0) barrier layesr. C~ondions as in Fig"e 4. air.

16 1001

o g

0 0-

tt
Ascorbate Sequential
injection Lactate injections s 60

5 10 15 20 2S 30 s
0 100 200 300 400 500 600

time, min.
Ripue 6. Reduction of ascorbate current by an HRP1D(X film. time, min.
C~oiditlon as in Fig"e 4, air'. P1W. 9. Decayofthesteady-sttecarritof the rtefletodeoated

Intrfrat eimnainglaerwith POs-EA/LOXV(:1 weitratio): 2 *AU ls:~*r citonh as in
IntRfean/ liintnglae Figure 4. air.

6 h to 75% of its initial] value (Figur 6), primarily because
Barrier layer of polymer desorption at positive potentials, where the

(PVI/EG)polycation is highly charged. This desorption is evidenced
by the reduced coulometrically measured charge upon elft-
troreduction or electrooxidation of the adsorbate in the

Lactate sensing layer absence of lactate.
(POs-NHl 2/ LOX) Figure 7 illustrates the electrode structure with lactate-

sensing and interference-elimlinating layers. As in glucose
sensors, oxidizable species present in physiological samples
(serum or blood), such as ascorbate, urate, or acetaniinophen

Epoxy embedded carbon fiber (Tylenol) iterferewith the sensing oflactate. Aninterferant-
array in polyimide tubing eliminating layer preozidizes the interferants on their way to

Ptipes? Sdis c~awgofti ssilaorhwwflgtheklia"n the sensing layer through reactions 4 and 5.2 In eq 5, HA is
bWONs an the Inawn-ebrilinafg overlayer GO

EA/LX 3:1 weiight ratio. The current is constant within glucos + 02 ~-gl-9UConolactone + H202  (4)
*7% whenthepH is varied between 64 and 8.5, the maximum,
being near pH 7.4 (Figure 5). The pH dependence of the HRP
current exhibits a broader PH optimum and a shift to higher H202 + 2HA -2A + 2H 20 (5)
pH relative to the natural reaction of the enzyme producing
H02% by 02 redUCtion. In an1 earlier reported Maacoeectrode an interfering hydrogen donor. The physiological glucose
with cross-linked lactate ouidase/redox polymer network,' concentration in serum or in blood (3-10 mM) generates
the current was also within 20 % of its maximum through the enough hydrogen peroxide to preoxidize all interferants in
same6A-8.SpHrang. The Currentmaximnum washowever, the presence of HRP, and the enzyme-catalyzed preoxidation
atpH8,not7.4 Thissmallbutsigniflcant; difference Suggests of interfering hydrogen donors is fast enough to prevent the
that the precipitated POs-EA/LOX film and the diepoxide interferants from reaching the lactate-sensing layer.2 In the
crosslinked film do not provide identical enzyme micren- structure shown in Figure?7, an electrically insulating barrer
vironmellta. layer prevented electron transfer to oxidized HRP from the

As seen in Table 1, an electrode stored at 4 OC for 4 months LOX-wirng redox polymer. The insulatin laye was thick
did not lose activity. In continuous operation of the lactate enough to prevent electrical communication between the
electrode at 0.46 V (SCE) and at 25 OC, the current drops in sensingand the interferant-elimnatng layes, yet thin enough
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so as not to hinder substrate or product diffusioE 2 70 * .
Figure 8 shows calibration curves for HRP/GOX-coated s 0

interference-eliminating electrodes made with and without a
electrically insulating PVI/EG barrier layers between the so o
sensm gandinteference-eiminatinglayers. Thebarrierlayer 90
reduced the current by -40% and increased the 10-90% 40 0

ris time from 12 s to - 1 min. The left side of Figure 9 shows
the reduction of interference by ascorbate (0.1 mM). When 30 0
glucose (1 mM) was added, -95% of the ascorbate-related C

current was eliminated. The right side of the figure shows 20

the increase in current upon increasing stepwise the lactate o0
concentration from 0 to 2 mM. Because lactate was not
oxidized by H2 /HRP, the electrode continued to respond 0 ,
normallyto lactate. Figure 10 shows lactate calibration curves 1 2 3 4 5 6

with and without 0.1 mM ascorbate. The current measured
withO.I.mMsascorbatewas -7.5% higher than that with no Lactate concentration, mM
ascorbate. Part of the increase resulted from the reduction Pop" 10. Steady-state lactate cuwrent wmout (0) and wtI (0) 0.1
in oxygen partial pressure caused by consumption of oxygen rM ascohbt in the sokston. CondtonS as in Figue 4, ak.
in the oxidation of glucose in the outer layer. The observed concentrations the entire group of electrooxidizable inter-
7.5% current increase was, however, characteristic only of ferants with lactate measurements will be effectively pre-
the &1 enzyme/polymer film electrode, where oxygen com- oxidized.
petition was greater than in the 1:1 electrode. In the 1:1 After immobilizing its components and overcoating with
electrode, oxygen competition suppressed the current by only a bioinert film, the electrode should be practical for whole-
&6% and the ascorbate elmination related current increase blood lactate assay and for implantation.
was correspondingly smaller. Earlier we showed that in
glucose sensors the combination of all interferants (ascorbate, ACKNOWLEDGMENT
urate, and acetaminophen) at their physiological levels was Parts of the work were supported by the Office of Naval
preodizedininterferenc minatingLOX/HRP films. The Rearch the National titutes of Health under Grnt IRO1
physiological lactate concentrations (1-3 AM) are lower than DK42015-01A1, the National Science Foundation, and the
physiological glucose concentrations (3-10 mM), and glucose Robert A. Welch Foundation.
oxidase activity is higher than lactate oxidase activity in the
films. Therefore, we project that at physiological glucose REcEvE for review October 1, 1992. Accepted January

(27) Maiden, R; Heller, A. Anal. Chem., in press. 12, 1993.
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Elimination of Electrooxidizable Interferant-Produced Currents
in Amperometric Biosensors
Ruben Maidan and Ad&= Heller*
Deportment of Chemical Engineering, The University of Texas at Austin, Austin, Texas 78712-1062

Electrooxidizable ascorbat., islte, and acetamlinophen that of interferant electroouidation, but not that of H20 2 oxida-
hiteeter withi amperometric glucose assays wre completely tioný by membranes that exclude the interferants by size or
and rapidly oxidized by hydrogen peroxide hn a mulhiayer charge; and bypreoxidation of interferantsata separate flow-
electrode. The mulfayer electrode b composed of an through electrode. Yacynych at si"', showed that electropo-

huelebed not eliectrically "wired", hosrds perox_ lymerized diazninobenzene and resorcinol form on electrodes
Idae" (NRP) fika coated onto a flhn of electrically "wired" charge and size-excluding films that ar HA0 permeable, but
Skicose oidaese (GO). The .wh e" enzyme Is conniected by effectively exclude interferants in HA0 type glucose sensors.
& redox epoxy network to a vitreous carbon electrode. The Using low (100) molecular weight cutoff membranes, Guilbault
currntI from the electrooxldizable inefe t le derae et al. excluded from surfaces interferants other than ace-
by thek peroxidase-catalyzed preoxidatlon byea factor of 2500, taminophen.9 Lobel and Rishpon' 0 and Bob et al." used
and the ghucoe/bteMrferant current ratio ls increased 10'.. cellulose acetate as an exclusion membrane. Harrison etaL12

toid. Undesired elcroeotion of hydrogen peroxide can and Bindra and WilsoniS used Nafion-type, sulfonated
reatil whent HRP Is 5150 "whre" to the electrode. Suc perfluorinated polymers for exclusion of anionic interferants,
wmwaded "wasg" Ispreventedbykww ~ s oiosoahg lctdc* while Gorton at al. used other sulfonated polymers for their
Insulating barerilayer bewe th wh 01 , f .m an ex Oclusion)14 Ikeda et al. preelectrooxidized ascorbate and
HRP 10m., The hydrogen peroxide necessary for eliihidatio urate on a gold mmnigrid,"6 while Yao et al.,1 as well as 0kmw

of nteerats anbe dde exemayor whe ehsk o t a.1," used flow-through electrolytic oxidation columns.
Possibe.erNt can be geeadded Insl ymaeo ope Yao'$ used an oxidizing cupric complex containing precolumn.

enzym reacion.Ascorbate was also eliminated through its ascorbate oxadase
enzye racton.catalyzed oxidation by Nagy et al.19 and by Wang et aL3D

Here we discuss horseradish peroxidase (HEP) catalyzed
INTR DUCIONpreoxidation of interferanta. After HRP is oxidized by H02%
INTROD CTIONit rapidly oxidizes both neutral and charged interferanta. It

Electrooxidizable biological fluid constituents, such as does not oxidize, however, either glucose or lactate at an
ascorbate, urate, and acetaminophen, interfere with the appreciable rate. Peroxidases are well-knaown catalysts for
amperotnetric assay of glucose. Interference is not restricted oxidation of hydrogen donors (HA) by HA0, accepting

*toa&particular type of glucose sensing anode. Itisencountered electrons from phenols, amino acids, benzidines, ascorbate,
in electrodes diffusionally mediated by 02/H2%2 or fenrocene ________________

derivatives and in electrodes with redox polymers that relay (6) Faiat. L; Cheng, H.-Y. Anal. Chem. 1962. 54, 2106-2111.
* electrons from FADH 2 centers of glucose oxidase to elec- (7 Samo, S. V.; Pierce, R. J.; Wall&, K; Yacynych, A. M. Anal. Chem.

trodes.' 46 In the latter, interferanta are electrooxidized both 1910, 62, 1111-1117.
(S) Geis, P- J.; Adams, J. M.; Barons, N. J.; Yacynych, A. M. Biownas.

at the electrode surface and by the redox polymer that is Bioetetron. I91, 6, 151-160.
directly electrically connected to the electrode. (9) Palloeahi. G.; Nabi P&Wni M. A.; Lubrano. G. J.; Ngwainbi, J. N.;

In hydrogen peroxide type electrodes the selectivity can be Guilbault, G. G. Anal. Biochem. 1986, 159,114-121.
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unato. sand NADIKn* The ]IRP-catalyzed reaction, is

am 120-
MHA + H10 -2A + 2Hg (1) .- a

In an earlier communication" we showed that HMP films
on glucose electrodes eliminate inteferant-olectrooidistion
caused curreta. Here we describe processes for forming theb
HiP-basd intareaitelmnating films; anayse the pa- - 0

ramneter affecting the activity of these films; consider their
unwanted interaction with glucose sensing layer., based ond
electrical connection of glucose oxidase redox centers to 0 -

electrodoesthrough electron-relaying redoaxpolymer networks;_____________
descrb emethods of internal gonerattion of H2% within H" 01 0.2 0.3 041 11
fims; discus the interfering peroxide electroreduction E (V vs SCE)
reaction,"anddescribe methods for makrin electrodestbat
are more selective for glucose. ftm 1.~d Cy.a vou matswensk g of bi an 4 We 0osnos c-I

EXPERMENTfAL SECTION of 1.0 rvU HA anrd wets. scan raws 10 mV/s.
Materials. The glucose-sensing electrodes were made with

cur earlier described glucose oxidase *wirig' cross-linkable 2-4a droplet of this solution was applied to the glucsosesnsing
polymer, abbreviated ase P0e-HA. The polymer has a poly- layer and was cured for 48 h under vacuum.
(vinylpyridine) backbone with part of the pyridines complexed Electrodes were made with HRP films imamobilized (a) directly
to J~(0py)s1C/1J' and with part of the pyridines quaternized on the Polished electrode surface. (b) on the sensing layercomed
with othylamine." Poly(vinylimidasole) (PVI) was prepared electrode after makring the sensing layer impermeable to HRP
according to a published procedure.'0 Glucose oxidase, GO (BC with glutaraldehyde, end (W on the electrode surface, costed
1.1.3.4, type X, 128 units/mg), horseradish peroxidne, HRP (BC first with the sensing and then with the barrier layer. The HRP
1.1L1.7, typeI, 85 units/ingor type VI, 260unita/mg), and catalase was immobilized by one of two methods one using glutaralde-
(BC 1.11.1.6 26000unite/mg) were purchased from Sigma. Laictate hydejtm the other involving N&1O 4 ouidation. When glutaral-
ouidase, LOD (from pediococcus sp., 33 units/mng), was supplied dehyde was used, 54Da of an HiP (type 1) solution (100 mg/mL
by F'innaugar. Poly(ethylene glycol) digycidyl ether (MW 400) in a 0&1 M pH 7.3 phosphate buffer containing 5 nmg/L
was purchased from Polysciences. All other chemicals were of glutaraldehyde) was applied and left to air-dry and cure for 2 h.
the purest available commercial grade. Glutaraldehyde stock When the periodate method was used, 50 %aL of a 12 mg/mL
solutions weeprepared using grads Isolutions and kepthfosen. NaIO4 solution was added to 100 gaL of an HRP (type VI) solution
Fresh stock solutions of sacorbats, urste, and scetaminophen (20 mg/mL in 0.1 M sodium bicarbonate) and incubated in the
wereprep reddailybecsuseofth argradual decomposition. Stock dark, at room temperature, for 2 h. After incubation 10 AL of
solutions of glucose were allowed to mutarotate at room tam- the oxidized enzyme solution was spread on the surface of the
perature for 24 h before use and were kept refrigerated. Stock electrode and allowed to dry anid cure for 2 h.
solutions of hydrogen peroxide were prepared by diluting a 30% LODcontainngHRPlayeswere preparedbyco-immobilzig
solution. The HA solutions were normalized with potassium LOD with HRP using the above glutarkldehyde method except
permanganate."' that the HiP solution now contained also 100 ing/nL LOD.

The working electrodes were 3-mm-diameter glassy carbon Measur~ements. Electrochemical experiments were per-
rods (Atomergic V-10 grade) sealed in Teflon or glass tubes with formed with a Princeton Applied Research Model 273 poten-
epoxy resin. Thke electrodes were pretreatad by sequentially tiostat/galvanostat. Rotating disk electrode experiments weoe
polishing with 5.0-, 1.0-, and 0.3-pm alumina powder on a cloth performed with a Pine Instrwnents AFMSRX rotator with an
felt, sonicated, rinsed with deionized water, and dried under MSRS speed controller. The three-electrode cell contained 0.1
nitrogen. MNaCI bufferedwithphosphate (0.1 hpH7.2)coftadsnsedsd.

Glucose-sensing electrodes were prepared using a solution Saturated caloniel reference (SCE) and platinum wire auxiliary
containing 2 mgmL P~s-KA, 0.12 mgf aL poly(ethyloweyedgyo) electrodes were used. AD measurements were under air and at
diglycidyl ether, and I mglmL glucose oxidms in a 5 mM pH 7.8 room temperature. The marking electrode was rotated at 1000
HEPES buffer solution. Thes polished electrode was coated with rpmn unless otherwise specified. In the constant potential
a 2-j*L droplet of this mixture. The coasting was cured for 48 h experiments, the working electrode was poised at 0.4 V (SCE).
under vacuum at about 10 Torr.

To make the otherwise large pore si glucose-sensing redoz. RESULTS AND DISCUSSION
polymer network impermeable to peroxidase, the electrode withCalyiofOitineIareat bEs.
the snosing layer was further cross-linked by dipping insa 0.2%% R CalyiofO dtonf teoat bHi.
glutaraldalayde solution for 5s9 and then rinsed wiha phosphate Figure1 I hown cylic voltammograms ofthe HRP film coated
buffer solution. The barrier layer between the sensin and glassy carbon electrode in solutions with 10-3 M acetami-
interferan-eiminating layers was made of a solution containing nophen (a), urate (b), or asoorbate (a) but no HA, and also
10 mg/zeL PVT and 2 mgtml ethylene glycol diglycidyl ether. A in a 10-8 M urate and 10-3 M HA containing solution. The

_________________________ lectroozidation of urate, as well as that of the other

(21) Mashly. A. C. Methodt EwnoymL 19M 2. 801413. interferants (not shown), is completely suppressed:- the
(M) Dmnfard. N. B.; Stilhnan, J. S. Coord. Chain. 3wu. 1976,19,187- interferanit electrooxidation currents reversibly reappear/

SO3iapari ouios61.t/ihH ncnrh hr(23) Makden. It; Hell.. A. J. An.. Chain. Soc. 131.,113, 900349004. dpnouinw a/ihH .I otos hr
(25) KubsJ.J41LAuznvidwuV.4.&A 4 Pse~mliu~e.5VGw dus the HUP is replaced by albumin in the immobilized filmn, the

V. V. AnaL Chain Adts IOU3.148.13-1& elctouiato currents do not decrease upon addition at
(56) Kulys, J.; Schmid, P. D. Bioeam. Biovel~tron 1"1,.6. 48-'& HA Ineprm tswh P-oedlcrdseo-
(IS Tatuama T4 Watanabs, T. Anal. Chm. Adoa 131, W4,1e. A neprmnswt i-otdeetoe, decom-
CM7 3..dglosm, c4 Bels,. Ki Ncuu. J. aOWOL 1968.7,621-Ma position of the peroxide by a smell amount of catalasee causes
(23 Dorlis, HL; Couteita A.; Comtat. IL Bioukectrochen. Biobnnrg. reappearance of the interferanzt elcroxdto wavesasedoes

IM. Grs. 3 .;HllA J h,.Cum 315 addition of aside, a perozidase inhibitor. We conclude from
(20 Chapin. A.; MankovsKi K.3..,. Pbb'mt. J. 193 29. 101W-l02L
(31) Scheeb, W. C.. SatterfisM, C. N.; Weewamri It. L Hydroomi (32) Wahl. F. Methods Swnayot. 1P2.A 5,0-01.

hr~id 3lnhli NW York, Ism6 chtur 10& (33) Tl1*mn P.; KUrtak, K Anal. Biochain. 19K6I,15451-467.
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I I I I ITable 1. Effect of fRP Loading on the Effeetlvemese at
*H202ý EH~imasilo of AseeAbat

12- HRt? (unita/rn') 10" (aLA) ZAJO (pA) % elimiuti

9-H 202  0 U.4 US4 0
15 1.67 1.29 16
3 0 1.22 0.78 22

6-45 0.29 0.47 4
60 0.74 0.34 62

3- 90 0.66 0.16 74
150 0.56 0.06 86

0- 180-IS 0.48 0.00 100

A_ A A A A I * IA. current measured for 0.1 kmd ascwoibst. b lAp. curent

0 100 200 300 400 500 600 measured for 0.1 mMd ascorbate and 0.2 mM H2%0.
TIME (seownds)

ft 2. Ekn~ntio of to asobt ob~x*i axe na Table 11. Etffect of Rotation Rate sat the gffeetvonese of
MWooated gin"y carbon ellocirde. *A" denotes kooedon of Eliintio ofAcobf

ascorbete. each !njsctIon ~Incrosat be concnnaftlon by 0. 1 n*.t H4,% W (rpm) 10" (spA) hIA (pLA) % elimination
denotes bIjecdon of hyioge peroxide. each hijecdon ho'esebq Its
concentadon by 0.2 MMJ. Gkisay carbon elecbods 0.4 V (SCE). 0 0.27 0.09 68

10 0.52 0.22 39
10-______________ 20 0.66 0.42 26

50 0.86 0.60 20
A HO 70 0.9 0.67 20

08- 20i2 100 1.04 0.76 27
<200 1.23 0.94 23

S50 1.47 1.20 18
06- 700 1.56 1.30 17

z 1000 1.67 1.3 16
M 2000 1.89 1.89 15

4000 1.9 1.73 13

02- -IA. current measured for 0.1 mM ascorbate. I1.P, current
measured for 0.1 mM asoorbete and 0.2 mMd H2%0.

0D0o-~-*----

0 50 100 150 200 250 300 MMd ascorbate. From Table I it is also evident that as the
TIME (seconds) HRP layer thickness increases the electicouidation current

PIWO 3. Partial elmination of asoorbate wIIh a E0$* boaded (60 of ascorbate decreases even in the absence of HAO for the
umins/OcM) WIP ellec~rods. 'A" denotes h¶jecdon of asoorbate (0.1 obvious reason that transport of ascorbate to the electrode

n~ ia onceallaftlon "14,0" denotes Injscton of 14,0, (0.2 MM ~
Ilulconenb'~on. (sseycaron eectde,0.4 (SE).limited, increasing the hydrogen peroxide concentration dose
themexprimntstha elmintionofte itererats equres not decrease the interferant, electroozidation current. on

bthese P axermntsthperoidie. noteitefrnarq the contrary, because HRP as inhibited by excessive H2%
Botaus H ouan perpoxiewst mrv heslciiyo concentrations, the mnterferant oxidation current inrae

Bucause ectours purp y iinguose wasas to imav the eetiiyo rather than decreasses at high HA concentrations. As a

glucnsonae ectods-mad byun wringuose opxy.damst of ahour consequence, and as own in Figure 3, when the electrode is
dmensioemnalwrea P 0.4 bon rSEdox tepoxyeau postenofa of HRP-limited. injection of a large excess of HA causes first
mheasurementis. wegre at 0. shows the plteadydt urpoentia of a drop. then an increase, in the interference current. This
these Pflmcae electrodes Fiuroiso sted staysateti curetmtofl increase results from the buildup of the H12 concentration
Inethen ofilmcosted ele*)ctrodes poied atpaac thi potntil to an inhibiting level after the ascorbate has been depleted.
oidaetion currancorbate (disauseas then appearane of a The extent of the ascorbate elimination is mase transfer
ox2dtio curthren that adisappeas upoeno addi ctio ofxcs dependent in HRP-loeding limited (15 units/cm-s) electirodes

current as long as the peroxide is not exhauisted. The Tbel Ainraeneftro oainrdnwrsus

experiment of Figure 2 was performed with an electrode in an increase in the ascorbate oxidation current both in the
heavily loaded with HRP. In this electrode interferant absence and in the presence of HA. At higher rotation rates
elimination was not controlled by the amount of enzyme, bu the electrode, limited by its enzyme loading, copses only with
by the ratio HAh to inteirferant. At lo HR loadings, th a decreasing fraction of the arriving ascobate.

ebiainreaction is controlled by th R acivt ofth As seen in Figures 2 and 3 the ascorbate eetoxdto
film and/or by mass transport of th ectns current appears noisy, even though our systemt is not. The

noise suggests that the electrooxidation of ascorbate might,
To examine the offectofHlP loading, asmissofelectrodes be chaotic or oscillatory 0 Elimination of escorbate by

with increasing HRP loadings wae prepared. The loadings peroxide causes disappearance of the "noise".
were chosen to be sufficiently light to allow only partial Figure 4 shows a family of "titration* curves of ascorbate
elimination of the ascorbate even in the presence of excess by HA~. Elimination of interference by increasiung concern-
HA. Figre 3 shows that an electrode loaded with ony6 trations of ascorbate requires increasing concentrations of
wuniscm' HRP does not completely eliminate interference peroxide. Because complete elimination of ascorbate at
by 0.1 mM ascorbate. Results obtained for a series of concentrations exceeding 8 mM requires HA concentrations
electrodes with HRP loadings between 0 and 180 unita/mr aboveiP inhbitinglevesitcannotbeaccomplisheud uig
are summarize in Table L Loading of 180 units/cm-' is, as HRP, though noninhibited peroxidases are likelytooliminate
seen, necessary to completely eliminate interference by 0.1 _____________________

(U4) CrM. IL A.; Hailer, A. J. Pitys. OChe Iim. 13., WM4. 4L(S) Labuds, Ya.; Yatsiirnebsi; K. B. Tow.. ho#p. Esim. 1"1, i7, W~
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ft"w &. Th'ailn of ascorbate by hydroWs peroxide Left a lflP- E (V vs SCE)
oanted electrode (250 umIW/cm 2). 1NO~ esoorbats concentratdons: Pogw* 6- Cycic vollanW anoas (a) in posphIAt WWk (b) v~*.

(a) 0.1 net. (b) 0.2 mik (c) 0.3 n**d (d) 0.5 mM; (e) 1.0 MMd; Mf 2.0 added 5.0mM'# gucoee; (c) wth 5.0 nmd qkucose and 0.5 mM secovbste.
mMA- (9) 4.0 nte (h) 0.0oM MU )20.0 nM' (P 40.0 MM POe-WOO electodoe scan rate 2 th~is.

concentrated interferants. Interference by ascorbate con- 5-

centrations below 8 mM is completely eliminated with HRP
films. Because only the interferant/H1202 ratio in the solution
is known, and the critical interferant/H202 ratio in the film
is not, we observe variations between electrodes having
different mass transfer characteristics.E

In order to determine the upper limit of the interferant 0-
elimination capacity of HRP films, an electrode with a high A H202

loading of enzyme was prepared. In this electrode addition
of H202 decreased the ascorbate electroozidation current by
a factor of >2500.

Ptocessee for ERP Immobilizationin Films. Witlithe .5 i

obijective of simultaneously optimizing specific activity, 0 100 200 300 400 500 600

permeability, and mechanical ruggednes, while not harming TIME (seconds)
the underlying glucwee-ensing layer, we evaluated several PlWO G. Cwrent reversal i&on addt NlAC in an electrode Iavbig
processes for makring HRPfilms. After a preliminary survey a PofWasrwkbster(. aMIu ccnted mlo n)HPbyr "A', den m

we narrowed the immobilization processes to (a) cross-linking h~stjcion of hognperoxie (0.2 mM Ihl concentration). 0.4 V
with glutaraldehyde; (b) periodate oxidation of HRP oli- (SCE).
gosescharides to aldehydes and coupling with polyacrylamide
hydrazide;xX and (c) self-cross-linking of the periodate- surae, but alsoin theelectron-reaying glucoweeensing layer.
oxidized HRP through formation of Schiff buse between the While the rate of electrooxidation of glucose can be limited
HBP-oligosaccharide-erived aldehydes and HRP-amines, by the nate of electron transfer between enzyme FADH 2
such as lysylamines. The second and third method yielded centers and that fraction of the osmium centers that are in
smoother and better films. Glutaraldehyde cross-linkring, their proximity, electrcoxidation ofthe interferants proceeds
though widely practiced, causes a greater loss in enzyme at any of the osmium centers Therefore, its rate can be high.
activity than periodate oxidation to HRP polyaldehyde, This, combined with the higher concentration of anionic
followed by formation of either poly(acrylhydmaones) or lysyl- interferanta, in the polycationic polyiner,3 aggravates the
Schiff bases. The films made of the HRP polyaldehyde problem of interference. Fortunately the interference is
adhered well to both uncosted and variously polymer coated cmplty eliminated in HRP film coated electrodes, as will
electrodes and, unlike the glutaraldehyde films, did not crack be seen-
duringtheirdrying and curing. The periodate process;yielded When an arbitrary HRP fim is coated on the glucose-
the best films for HRP type VI,while with the glutaraldehyde sensn electrode and the current associated with electroox-
process, the beet results were obtained for HRP type 1. The idatinof ascorbate is measured (Figure 8), addition of HA,0
difference might be associated with differences in the amount not only suppresses the anodic ascorbate current but reverses
or distribution of olgsceaie in the various 14BPs. it, producing a cathodic current. Thus, interference through

lateraction between the Glucose-Sensing and th electrooxidation of ascorbate is now replaced by interference
Intufciaat-Ellm nating Layers. Figure 5 shows cyclic thogoetoeuanf% ý TheJI,0,electroreduction

voltmmogamsfor an electrode modified with a glucose- current is seen also in the absence of ascorbate, but not in the
sensing film consisting of a three-diensional redox epoxy absence of either the HRP or a redox-polymer network.
gel, fcrniedof'P~s-EA and glucose oxidase upon cross-linking Furthermore, HRP film mediated electroreduction of HA,0
with PBGDE.31 It is seen that in the 0.4-0.5 V (SCE) plateau takes place whether the 1EP and the redox epoxy films are
and under the conditions of the experiment, the current mixed or separated, as long as the two contact each other.
increment associated with 5 mM glucose can be exceeded by Even loosely adsorbed HBP on the redox polymer produces
that associated with 0.5 mM ascorbate. Th1i is asthcse a cathodic HA,0 electroreduction current. Dipping of the
foe acetaminophen and for urate. Evidently electrooxidation POs-EA redox epoxy-miodified electrode in an HRP solution
of the three interferanta takes place not only at the carbon for a few minutes and rinsing also produces an electrode

(W) Neanos, P. K.; Kawsoi. A. .1. Histoch... Cyomen~. 1974. showing a cathodic current. We thus conclude that the HEP
1084.-100.

(37) OUhannemy. D. J.; WUohk, M. AndI. Biochem. 11S, 191,1-& (38) Weng, J.; Gohlen. T.; Tumbi P. AmsI Chem. 16,.S9. 740-7"4
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E (V vs SCE)
Plpwe 7. Redcon of hydrogsn peroxide on a two-ley eltrode forms the basis of peroxide-reducing electrodese0.2 0 Here
having a POs-.A/WO-nst layer coated with an HRP tler. Cycic the redox polymer network catalyzed electroreduction in-

wvoftamogranu (a) In a osphete butter moUton; (b) with added HA terferes with the amay glucose, lowering the glucose ee-.
(0.1 n). Scan rats 2 mV/s. trooxidation current.

molecule (MW 40 000) can permeate into pores of the redox We overcome the electroreduction of H2 0 2 by either
epoxy network when these are sufficiently large. electrically insulating the HRP film from the GO-redoz

Permeation of the HRP into POs-EA is suggested by the polymer film or by poising the electrode (and thus the
following comparative experiments. Two five-electrode electrically connected network of the glucose sensing film) at
batches of thick-layer POs-EA electrodes were prepared (a) a sufficiently oxidizing potential, where HAO2 is no longer
with HRP and (b) with bovine serum albumin (BSA). The catalytically reduced. This potential is near 0.5 V (SCE)
BSA electrodes were then dipped in an HRP containing (Figure 7). Because 0.5 V (SCE) is also near the threshold
solution for 3 h. The peroxide response of the two batches for electrooxidation of HA2 , electrical insulation by a barrier
becamesimilar. Inacontrolexperimenttwothick-layerPOs- film is preferred for the most accurate glucose assays of
EA electrodes were prepared (a) with GO and (b) with BSA. biological fluids. In lees demanding msays, poising the
The BSA electrode was dipped in a GO-containing solution electrodes at 0.5 V (SCE) is, however, simple and adequate.
for 24 h. The glucose response of the BSA electrode was still An electrode with an insulating barrier layer is shown
an order of magnitude smaller than that of the GO electrode. schematically in Figure 8. Ideally, the insulating barrier layer
The difference between the first and second set of experiments will fully cover the surface of the sensing redox matrix, but
is explained by the difference in the size of HRP and GO. GO will not be thick enough to substantially slow glucose transport
being a larger enzyme (MW 160 000) permeates lees into the tothe sensinglayer. Insulating films made of cellulose acetate,
POs-EA network when the BSA electrode is dipped in the Nation, and polypyrrole formed respectively by spin costing,
GO-containing solution. It is adsorbed only on the outer casting, or electropolymerization were tested. TheM did not
surface of the P0s-EA layer and is thus poorly 'wired". HRP, perform well: the HA02 reduction current was only partially
being a relatively small enzyme (MW 40 000), permeates into suppressed and the glucose current was considerably dimin-
the POs-EA network when the BSA electrode is dipped in ished. A good barrier layer was, however, prepared by cros
a HRP-containing solution. The enzyme penetrates into the linking poly(vinylimidazole) with ethylene glycol diglycidyl
POs-EA film and is well *wired". The permeability of POe- ether. The resulting gel effectively prevented electrical
LA fidms to HRP was also seen in experiments where the contact between the sensing layer and did not excessively
usual diepoxide crows-linker PEGDGE, with nine ethylene reduce the catalytic glucose electroozidation current.
glycol units, was replaced by a short analog, M.GDGE, Another method of avoiding the electrical contact between
monoethylene glycoldiglycidyl ether. Simils electrodes were the glucose-sensing layer and the HRP film involves making
prepared with POs-EA, BSA, and either MEGDGE or the redox polymer containing layer impermeable to HRP.
PEGDGE. The electrodes were cured, exposed to HRP, and When a POt-EA/GO/PEGDGE electrode was additionally
then poised at 400 mV in the presence of H2 0 2 . The cathodic cross-linked with glutaraldehyde, the electrode, when poised
H 2 0 2 reduction current of the electrode with the long cross- at0.4 V (SCE), did not show s cathodic current in the presence
linker was 5 times higher than that of the short cross-linker, of 11102 after exposure to HRP. Evidently direct electrical
These results suggest that the more tightly cross-linked redox communication between the redox polymer and HRP requires
gel obtained with the short cross-linker is less permeable to proximity of segments of the two. Exposure of the Os redox
"the HRP." polymer to glutaraldehyde cross-links the matrix sufficiently

Figure7showscyclicvoltammogramsofthePOs-EAredox to prevent diffusion of the 40 kDa HRP into the three-
epoxy modified electrode coated with an electrically con- dimensional epoxy matrix.
tacting HRP film in the absence of hydrogen peroxide (a) Intewfernat-Insensltive Glucose Electrodes. The just
and in its presence (b). H•O electroreduction commences at described results show the feasibility of three types of
+0.45 V (SCE) and reaches its plateau already at a potential interferant eliminating electrodes that do not electroreduce
as positive as +0.3 V (SCE). This obviously electrocatalytic H2O%: (a) two-layer electrodes poised at 0.4 V (SCE) with the
reduction of H2 0 2 involves multiple steps, summarized by sensing layer cros-linked and made HRP-impermeable by
reactions 2 and 3. glutarsldehyde; (b) two-layer electrods poisd at0.5V (SCE);

SJMP and (c) three-layer electrodes with a PVI-based electrically
208=* + H202 + 2H1 -W 2Os3 + 2H20 (2) insulating barrier. The glucose response of a two-layer

electrode of the second type is shown in Figure 9. In the

0s93 + e" _ Olt* (3) (39) Tatsma, T; 0kas, Y.; Wateabe, T. AnW. Chem. 1M, 61,

Diffusional redox-couple mediation of the reduction of (40) 7, J. ; Har, K H.: Hilk H.A 0.;LirS. LJ.e5rviaL
hydrogen peroxide by peroxidass is well established and Chem. Interfaecl Sketrochem. 1,6, 01, 1-10.
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the risetism ia fast. Figure 10 shows results obtamiedf with an
electrode of the first type, having a glutaraldehyde-treated Figure Ila shows the glucose response of a two-loaye
seAming laye, coated with an HRP film. In the presence of electrode in the presence of all three interferanta (smcorbats
Hg~onlyglucose is ectroiozidinsdand the measured current umate, and actmnpe)at their physiologicafl leves.
is dependent only anmits concentration In the absence of Comoparison of this response curve with that obtained in the
HAh both glucose and aecorbate are elcroiieAnd the absence of interferanta (Figure Ilb) shows that the electrode
masurmed current reflects the combined electrooizidation of is totally insensitive to these commoneecoodiae
glucaoslandascorbsts. Siznilsrrssultswereobtained formuatie interferant, 'The presence or absence ofH2%donsnotaffect
and mcet=mnphm the glucose current itself proving that glucose is not oxidized
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at an appreciable rate by H12% in the HRP film. Fig•ue lc centration only, i.e., was that measured in the absence of any
shows the glucose response of the Figure 1 Is electrode before of the interferants (Figure 13).
it was coated with the peroxidase layer. The HRP layer slows
the diffusion and decreases the current response. Asaresult, The simultaneoua presence of several enzymes and of
the apparent Michaelis constant"' of the electrode (Ka,) different reaction pathways employinl common reagents
increases from 18 mM for the uncoated electrode to 2 ' creates, at least in principle, the posibility of new interferin
for the coated one. Optimization of the thickness of the HRP or competing reactions. lactate oxidae has been wired by
layer thus involves a compromise between completeness of the osmium-based redo: polymer, and its films have been
interferant elimination, requiring thicker films, and fast used in determining lactate concentration." Thus, the direct
response, requiring thinner ones. electroozidation of lactate must be prevented, Le., the bhnier

Stability. The interferant-elimination capabilityof HRP- layer must also isolate the LOD from the electron relays. The
coated electrodes remains unchanged for 2 months of repeated earlier discussed physical isolation methods are adequate for
use when the electrode is stored in air at room temperature this purpose. No lactate-associated currents are observed in
between the measurements. The stability is attributed to electrodeethat do not electroreduce H2%. Asecondarycause
the initial excess HRP activity of the films. Because the of interference can be the change in oxygen partial pressure,
initial activity is higher than essential for eliminating the through the oxygen being consumed by lactate (eq 4) and the
interferants, the HRP films retain adequate activity even Os(1II) centers and 02 competing for glucose oxidaa-FADH 2
after their partial deactivation. sl)ctrs and O) W e tind hor thutcte oxiepoxy

Built-In Sources of HRA. While addition of H2% electrons (eq 6). We find, however, that the redoi spozy
feasibleinclinical and laboratory analyzers, it isinappropriate wired glucose oxidaee electrode is insensitive to changes in
for either disposable sensors or in sensors operating in vivo. oxygen partial pressure or lactate concentration. IRaiing the
These require a built-in source of peroxide, lactate concentration to 1.5 mM changes the electrocatalytic

Hydrogen peroxide is the oxidation product of oxidae- oxidation current of glucose (6.0 mM) by loes than 2%.
catalyzed reactions of molecular oxygen and substrates, e4g.
lactate. Thus, lactate oxidme (LOD) mediates the oxidation GO-FADH2 +0w GO-FAD + HPO (6)
of lactate by oxygen, the products being pyruvate and H2% As own in Figir 14 the initially gnrated H2% i not
(eq 4). Thein situ generated HA is adequate for eliminating dAsompineFigure1te intally ge n eraede in
interferanta. At the concentration of lactate in physiological decompoed by external catalase, a common enzyme in
fluids (0.6-1.8 mM),4" enough H2Ah is produced to oxidize all physiological samples. The figure shows that the LOD-HRP
the interferants at their physiological concentrations. film coated electrode rejects ascorbate either upon injecting

HAO2 (a) or lactate (b). But the subsequent addition of
LOD cetalase (100 units) affects the ascorbat rejection only when

2CH 2CH(OH)CO- +02 --- 2CH3 COCOO-+ H2O2  H0�1 is externally added (a), not when it is internally
(4) generated (b). When ascorbate is rejected by adding lactate,

Figure 12 shows the results obtained with an electrode the addition ofsta does not •auseachange inthe current.
similar to the one used in the experiment of Figure 10 but However, when ascorbate is eliminated by adding HA,
having LOD co-immobilized with HRP in its outer fioLm addition of catalase results in a gradual recovery of the
Succemive additions of lactate (OL') eliminate equivalent oxidation current, until it eventually stabilizs at the level
Amounts of ascorbete ('A'). When this electrode was used observed prior to the addition of H1%. The slow current
iasolutionctiningphysiologicalevelsoftheinterferants increase results from the gradual decrem in HA concen-
(0.1 mM ascorbate, 0.5 mM urate, 0.1 mM acetaminophen), tration in the bulk of the solution (eq 6). With the HRP-
#A well a physiological levels oflactate (0.5 mM) and glu•se, LOD film the oxidation of interferants is not impaired by
the measured current was proportional to the glucose an- external catalase, because the H2% is generated md utilized

(41) Gauoag.W. F. Rwevk o Med"c Pfys~iohy Appetoeu& Lmqs
Noualk, i90m. (42) Kat"kn L; Hells, A. AnaL Chem !152,64, 100-101&
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in the bisazyme layer itself. by H2%2 . Such oxidation destroys the interferante prior to
.W. their reaching the wired glucose oxidase, where they would

2H22- 02 + 2H20 (6) otherwise be electrooxidized. The HA0 can be either
externally supplied or produced in situ through an oxidese.
catalyzed 02 oxidation of a second solute such se lactate.

CONCLUSIONS Electrical contact between the HRP and the osmium redox
centers must and can readily be prevented, for example by

Horseradish peroxidase (HRP) based interfarant elimi- inserting an electrically insulating barrier film between the
nating layers provide practically absolute selectivity to glucose sensing layer and the HRP layer or by further cero-
amperometric glucose sensors. In the presence of the enzyme, linking the sensing layer, or by operating the electrode at 0.5
HtO preoxidizes all the common electrooxidizable interfer- V (SCE).
ante. Figure 15 summarizes the relevant reactions in mul-
tilayered electrodes discussed in this work. In the glucose ACKNOWLEDGMENT
electrode, electrons from the substrate are transferred to the
glucose oxidase (GO) and are relayed, via nondiffusing osmium R.M. gratefully acknowledges his Chaim Weizznann post-
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Electrical Connection of Enzyme Redox Centers to Electrodes
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Electrically insulating proteins can be made redox conducting through incorporation of a high density of electron relaying
redox centers. Electrons diffuse in the resulting redox conductors by self-exchange between identical and electron transfer
between different relaying centers. When the self-exchange rate of the relays and their density are high the flux of electrons
through a l-pnm-thick film of a three-dimensional macromolecular network can match or exceed the rate of supply of electrons
to or from the ensemble of enzyme molecules covalently bound to it. The network now molecularly 'wires" the enzyme molecules
to the electrode, and the current measures the turnover of the "wired" enzyme molecules. When the enzyme turnover is
substrate flux, i.e., concentration limited, the current increases with the concentration of the substrate. The resulting amperornetric
biosensors have current densities as high as 10-1 A cm- 2 and sensitivities reaching I A cm-1 M-1. Because currents as small
as 10-13 A are measurable with standard electrochemical instruments, the biosensors can be miniaturized to <10-gm dimensions.
A practical example of enzyme "wiring" involves (a) forming a macromolecular complex between glucose oxidase and a
water-soluble 102-kDa [Os(bpy) 2CI]+/ 2+-containing redox polyamine and (b) cross-linking the complex with a water-soluble
diepoxide to form a hydrophilic, substrate and product permeable - lI-um-thick redox epoxy film. In redox epoxy fidm based
glucose sensors interfence by electrooxidizable ascorbate, urate, and acetaminophen is avoided through their peroxidase-catalyzed
preoxidation in an H20 2 generating surface layer. The novel microelectrodes have no leachable components.

Drug Administration ad Biosemmn and iontophoretic transdernal transport have been investigated
The objective of administering a drug is achievement of an but are not frequently used, even though they have advantages,

optimal physiological response. The more frequently and accu- such as rapid uptake in the case of inhalation (derived of the large
rately the response and drug oncentration are measured, the closer lung surface area) and continuous, noninvasive administration,
one may get to optimal treatment. The frequency and accuracy in the case of iontophoresis. The use of these methods is limited
of measurements have been limited in the past by the portability by difficulty of accurate and reproducible dosing. Feedback loops
and cost of sensing systems. Today, sensing systems can be will allow the use of these and other delivery methods, as the
miniaturized and their electronics or optics produced at a cost that concentration of the drug in the target organ, or a physiological
is consistent with the cost of treatment of many diseases. Progress function affected by the drug, will be frequently or continuously
in the development of low-cost microsensors for ex vivo use is likely sensed and the microcontroller or processor will correct for any
to allow fine-tuning the administration of drugs. Furthermore, deviation from a desired drug concentration or unwanted change
already at the present capabilities and cost of microcontrollers in physiological function. Thus, as long as the drug will be ad-
and microvalves, one might start planning for feedback loop- ministered in small ton tal doses, spaced so as to allow sensing
controlled drug delivery. The feedback loops will have three of the drug's concentration in the target organ and of the affected
essential components: a drug containing and delivering unit; a physiological response, alternative delivery methods will become
sensor, measuring the drug concentration in the target organ or safe.
the affected physiological function; and a microcontroller or The pace of introduction of frequent monitoring of a physio-
microrocemor calculating the dose and timing the delivery. Thus, logical response or of a drug level in a targeted organ, as well as
in case of breathing difficulty caused by asthma, treated by drugs the evolution of therapeutic feedback loops, is now limited by the
such as theophyllin or albuterol, the drug concentration in blood, availability of appropriate miniature biosensors, the focus of our
the volume of air per inhalation, and the blood oxygen concen- research and the subject of this article. The family of biosensors
tration would be sensed and fed into a controller or processor; the includes electrochemical (amperometric and potentiometric),
latter will, in turn, increase or decrease the amount of theophyllin optical, and electromechanical devices as well combinations of
leaked through a microvalve or of albuterol sprayed into the these. This article focuses on direct, i.e., not diffusionally mediated,
inhaled air until breathing is normal, and the blood is well oxy- amperometric sensors based on direct electrical connection of redox
genated. The concept of therapeutic feedback loops has been centers of enzymes to electrodes. First, however, it is necessary
around for a good number of years, particularly in the context to consider the diffusional sensors.
of control of blood glucose levels in brittle, insulin-dependent M Aupoietric Blosensors
diabetics. Although operation of a chemical or biotechnological
manufacturing plant without control loops consisting of sensors In diffusionally mediated amperometric biosensors, 1-4 a sub-
and electronic controllers or processors connected to flow and strate, such as glucose, transfers a pair of electrons to the active
temperature controlling valves is no longer conceivable, the use
of such loops is only now coming of age in medicine, for example (I) Updike, S. L.; Hicks, G. P. Nature 1967. 214, 986-988.
in pacemakers responding to oxygen demand. (2) Silverman, H. P.; Brake, J. M. Method of Determining Microbial

The expanded use of microsensors, followed by introduction Populations, Enzyme Activities and Substrate Concentrations by Electro-
of medical feedback loops, will allow the pharmaceutical industry chemical Analysis. U.S. Patent 3,506,544, April 14, 1970.

ymethods. Today's primary (3) Guilbault, G. G. In Enzyme Electrodes in Analytical Chemistry;to expand its range of drug delivery meSvehla, G., Eds.; Elsevier: Amsterdam, 1977; Vol. VIII, Chapter 1, pp 1-70.delivery methods are those that allow accurate dosage, particularly (4) (a) Mell, L. D.; Malloy, J. T. Anal. Chem. 1975, 47, 299-307. (b)
infusion, injection, and ingestion. Other methods like inhalation Rishpon, J. Biotecknol. Bioeng. 1907, 29, 204-214.
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redox center of an enzyme, glucose oxidase; the enzyme then Diffusionally mediated amperometric biosensors are of both
unloads the excess electrons onto the oxidizing member of a fast scientific and technological interest. Products such as analytical
redox couple.2-3 22  For such electron transfer to take place, the instruments and systems for self-monitoring of glucose levels by
oxidizing species must furst diffuse into the protein or glycoprotein diabetics in withdrawn samples of blood are in use. Diffusionally
shell surrounding the enzyme's reactive center, because the rate mediated biosensors are, however, not likely to be used in feedback
of electron transfer, a phonon-assisted tunneling process,23 declines loops involving implanted sensors, because of the danger of escape
exponentially with the electron-transfer distance.21-u The distance of the diffusing mediator into the body fluid. Such escape would
in this case is that between the donor, e.g., a reduced flavin adenine cause the equivalent of an electrical short in delicately orchestrated
dinucleotide center of glucose oxidase, and the acceptor, the ox- and interconnected biological electron-transfer routes. Toxicity
idized member of the diffusing couple. After electron transfer, among fast redox couples that are diffusing mediators is common.
the now reduced member of the couple diffuses out of the enzyme, While most diffusing couples are toxic, the natural 02/H 20 2
reaching eventually the proximity of the anode of the cell where, couple is safe, because people are abundantly equipped with
in a second electron-transfer step that is also distance dependent catalase, an enzyme that decomposes H202 to water and dioxygen.
and requires close approach of the electrode, it unloads its electron. This couple mediates by 02 diffusing to reactive sites in enzymes
Though numerous effective molecular, ionic, and polyionic dif- where it is reduced to H20, which is amnperometrically monitored
fusional mediators are known,2- 5- 22 the currently preferred ones through its anodic reoxidation to dioxygen.' Alternatively, the
are monomeric ferrocenes,61.2 quinones,7." and osmium bipyridine rate of oxygen consumption can also be amperometrically mon-
complexes. All have redox potentials about 0.3-0.6 V positive itored. 28 0/H,O-based amperometric sensors require sophis-
of the redox potential of the enzyme. At such an overpotential ticated structures for circumventing the intrinsic 02 partial
the free energy of activation of the Marcus equation may balance pressure dependence of their response."-' This makes their
the reorganization energy. A small reorganization energy com- miniaturization to micrometer dimensions difficult, though sub-
bined with an appropriate overpotential increases the maximum millimeter structures have been built.32  The sensors are never-
distance at which a given rate of electron transfer can be main- theless appropriate for in vivo glucose monitoring.'-"
tained -- can, alternatively, increase the rate of transfer for a fixed
clec- -transfer distance. For efficient current collection it is Nondiffusional Relaying of Electrons: Electrical Connection
of _ - ..;e that the rate of electron transfer from the enzyme to of Enzyme Redox Centers to Electrodes
the diffusing mediator equal or exceed the rate of electron transfer The need for diffusional mediators is altogether avoided it the
from the substrate to the enzyme. electrically insulated redox centers of the enzyme are directly

electrically connected to the electrode." In this case electrons
transferred from the substrate to the enzyme are directly relayed

(5) Kulys, J. J.; Samalius, A. S.; Svirmickas. G. J. S. FEBS Leet. 1980, to an external circuit. In a well-connected system the current
114, 7-10. flowing through the external circuit represents the actual turnover

(6) Cass, A. E. G.; Davis, G.; Francis, G. D.; Hill, H. A. 0.; Aston, W. rate of the enzyme. Unless the maximum turnover rate is ap-
J.; Higgins, 1. J.; Plotkin, E. V.; Scott. L. D. L.; Turner. A. P. F. Anal. Chem. proached, the turnover and the current increase monotonically
1984, 36, 667-6 i1. with the diffusional flux of substrate and therefore with substrate

(7) Ikeda, T.; Katasho, I.; Kamei, M.; Senda, M. Agric. Biol. Chem. 1984, concentration. Thus, the concentration of the substrate is
48, 1969-1976. transduced into and measured as an electrical current.

(8) Cass, A. E. G.; Davis, G.; Green, M. J.; Hill, H. A. 0. J. Electroanal.
Chem. 1985, 190, 117-127. We shall pause now to estimate the current that flows from

(9) Green, M. J.; Hill, H. A. 0. J. Chem. Soc,, Faraday Trans. 1986,82, a monolayer of an enzyme covering a 1-cm2 electrode, with each
1237-1243. enzyme molecule oxidizing 103 substrate molecules per second,

(10) Crumbliss, A. L.; Hill, H. A. 0.; Page, D. J. J. Electroanal. Chem. when two electrons are transferred from the substrate during its
1916, 206, 327-331. oxidation. For an enzyme having a diameter of 102 A that is

(It) Twork, J. V.; Yacynych. A. M. Biotechnol. Prog. 1996, 2. 67-72. densely packed on the surface, there are 1.3 X 1012 enzyme
(12) Talbott, J.; Jordan, J. Microchem. J. 1988. 37, 5-12. molecules per cm 2. Thus, 2.6 X 1 0 15 electrons are transferred per
(13) Taniguchi, I.; Miyamoto, S.; Tomimura. S.; Hawkridge, F. M. J. second and the current density is 4 X 10- A C,1-2 . This is a

Electroanal. Chem. 1918, 240, 333-339.

(14) Turner, A. P. F. Amperometric Biosensors Based on Mediator- substantial current density considering that currents of 1 0 i3 A
Modified Electrodes. In Methods in Enzymology; Mosbach, K. D., Ed.; are measured in many laboratories, including our own. In the
Academic Press: San Diego, 1988; Vol. 137, Part D, pp 90-103. unlikely event that all enzyme molecules remain intact during their

(I5) Senda, M.; Ikeda, T. Bioelectrocatalysis at Enzyme Modified Elec-
trodes. In Macromolecular Complexes-Dynamic Interactions and Electronic
Properties; Tsuchida, E., Ed,; VCH: New York, 1991; Chapter 10, pp (28) Clark, L. C.; Lyons, C. Ann. N.Y. Acad. Sci. 1962, 102, 29-45.
229-247. (29) Armour, J. C.; Lucisano, J. Y.; McKean, B. D.; Gough, D. A. Dia-

(16) Kulys, J.; Fresenius, Z. Anal. Chem. 19"9, 333, 86-91. betes 1990, 39, 1519-1526.
(17) Yokoyama, K.; Tamiya, E.; Karube, I. J. Electroanal. Chem. 1919, (30) Gough, D. A.; Lucisano, 1. Y.; Tse, P. H. S. Anal. Chem. 1915, 57,

273, 107-117. 2351-2357.

(I8) Jbnss. G.; Gorton, L.; Pettersson, L. Electroanalysis 3919.91,49-55. (31) Lucisano, J. Y.; Gough, D. A.; Armour, J. C. Anal. Chem. 1t97, 39,
736-739.

(19) Bourdillon, C.; Majda, M. J. Am. Chem. Soc. 1990, 112, 1795-1799. (32) Mastrototaro, J. J.; Johnson, K. W.; Morff, R. J.; Lipson, D.; Andrew,
(20) Liaudet, E.; Battaglini, F.; Calvo, E. J. J. Electroanal. Chem. 1990. C. C.; Helter, J. W. Proceedings of the 3rd International Meeting on Chemical

293, 55-68. Sensors, Cleveland. Sept 24-26, 1990;, The Edison Sensor Technology Center,
(21) (a) Coury, L. A., Jr.; Oliver, B. N.; Egekeze, J. 0.; Sosnoff. C. S.; Case Western University: Cleveland, OH, 1990; pp 300-302.

Brumfield, J. C.; Buck, R. P.; Murray, R. W. Anal. Chem. 1990,62,452-458. (33) Kerner, W.; Zier, H.; Steinbach, G.; Brllckel, J.; Pfeiffer, E.; Weiss,
(b) Coury, L. A.; Murray, R. W.; Johnson, J. L.; Rajagopalan, J. L. J. Phys. T.; Cammann, K.; Planck, H. A Potentially Implantable Enzyme Electrode
Chem. 3991, 95, 6034-6040. for Amperometric Measurement of Glucose. In Implantable Glucose

(22) Kajiya, Y.; Tsuda, R.; Yoneyama, H. J. Electroanal. Chem. 1991, Sensors-The State of the Art; Georg Thieme Verlag: Stuttgart, 1988; pp
301, 155-164. 8-13.

(23) DeVault, D. Quantum Mechanical Tunneling in Biological Systems, (34) Steinberg, R.; Barrow, M. B.; Gangiotti, L.; Thevenot, D. R.; Bindra,

2nd ed.; Cambridge University Press: Cambridge, 1984. D. S.; Wilson, G. S.; Velho, G.; Froguel. P.; Reach, G. Biosensors 1988, 4.
27-40.

(24) Sutin. N.; Brunschweig. B. S. Adv. Chem. Ser. 1990, No. 226,65-88. (35) Abel, P.; Maller, A.; Fischer, U. Biomed. Biochim. Acta 1914, 43,

(25) (a) Beratan, D. N.; Onuchic, J. N.; Betes, J. N.; Bowler, B. E.; Gray, 577-584.
H. B. J. Am. Chem. Soc. 1990, 112,7915-792). (b) Cowan, J. A.; Gray, H. (36) (a) Clark, L. C.; Duggan, C. A. Diabetes Care 1912.4, 174-180. (b)
B. Chem. Scr. 19118, 28A. 21-26. Clark, L. C.; Spokane, R. B.; Sudan, R.; Stroup, T. L. Trans.-Am. Soc.

(26) Cusanovich, M. A. Intracomplex and Intramolecular Electron Artif. Intern. Organs 1987, 33, 323-328.
Transfer in Macromolecules. In Macromolecular Complexes-Dynamic (37) Koudelka, M.; Rohner-Jeanrenaud, F.; Terrattaz, J.; Bobbioni-
Interactions and Electronic Properties; Tsuchida, E., Ed.; VCH: New York, Harsch, E.; de Rooij, N. F.; Jeanrenaud, B. Biosensors Bioelectron. 1991, 6,
1991; Chapter 9, pp 213-227. 31-36.
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electrical connection to the electrode and their packing is theo- of electrons is of essence in biological systems (otherwise the
reticaily dense, then, at 10-13-A current measuring capability, the biological system would become equipotential and life could not
area of the electrode can be reduced to 2.5 X l0-9 cm 2, corre- exist), enzymes that transfer to and accept electrons from ran-
sponding to a circular electrode having a diameter of 0.28 Am. domly contacted redox proteins or electrodes are few, making this
This is about the dimension of the smallest feature on an advanced family the smallest of the three.
integrated circuit now under development but not yet in pro- The third family encompasses enzymes having strongly bound
duction. Another perspective is provided by calculating the redox centers deeply buried in an insulating protein or glycoprotein
minimum number of electrically connected enzyme molecules that shell. When adsorbed on an electrode, their redox centers cannot
can be sensed. In the case of an enzyme (e.g., glucose oxidase) be oxidized or reduced at potentials survived by the enzyme. The
turning over 103 times per second, each molecule delivers a current rate of electron transfer across the distance between their redox
of 3.2 X 10-16 A. One thus observes, when measuring a current centers and the periphery of their protein or glycoprotein shell,
of 10-13 A, about 300 enzyme molecules. This is the actual number which defines the closest approach of the redox center to an
of electrically "wired" glucoso oxidase molecules functioning in electrode surface, is negligibly slow relative to the turnover rate
our 7-Mm-diameter glucose microsensors. 39  of these enzymes. Careful studies of the distance dependence of

the rate of electron transfer in cytochrome c and myoglobin (that
Electrical Communication between Redox Enzymes and are redox proteins, not enzymes) show that the rate drops by a
Elettrodes factor of e for each 0.91-A increase in distance." It is, however,

For convenience of considering electrical connection of enzymes incorrect to assume that this distance dependence holds also for
to electrodes (not because the demarcation lines are well defined), other redox proteins. Because of system to system differences in
we shall divide the redox enzymes into three groups. In the first reorganization energy, redox potential difference, amino acid
we include enzymes having NADH/NAD+ or NADPH/NADP+ sequence, and folding of the protein defining the electron route,
redox centers. These centers are often weakly bound to the protein as well as spatial orientation of the centers involved in the elec-
of their enzyme. They can act as diffusional carriers of electrons, tron-transfer steps, the constant of the exponential decay of the
shuttling between different redox biomolecules, for example, electron-transfer rate with distance will vary from case to case.
between those of different reductases or dehydrogenases. Being The basic concepts of electron-transfer theory, particularly the
themselves redox mediators, they can be amperometrically assayed. relationships defining the dependence of the rate on the free energy
There are three problems that need to be addressed in the design of activation (and thereby on the potential difference between the
of amperometric NAD+/NADH or NADP+/NADPH biosensors. donor and the acceptor) and on the reorganization energy, are
First, the electrodes need to be designed for two-electron transfer; nevertheless of practical value in the design of direct amperometric
i.e., the rate of the two-electron-transfer reaction must be faster enzyme electrodes.
than the rate of any single-electron-transfer reaction, whereby
an irreversibly reacting free-radical intermediate is formed. The Glucose Electrodes
relevant time within which the two electrons must be Among the amperometric biosensors, glucose sensors, based
"simultaneously" transferred is defined by the time it takes the on the enzyme glucose oxidase, have received more attention in
radical to irreversibly react. Second, if the biosensor is to be used both the scientific and the patent literature than all others corn-
for an extended peried, loss of NADH/NAD+ or NADPH/ bined. The interest in glucose electrodes derives from a coincidence
NADP+ by out-diffusing of the enzyme-containing volume near of need-the frequency of glucose analyses exceeding that of any
the electrode surface must be prevented, e.g., through covalent other biochemical, because of the large number of blood glucose
attachment of the NADH/NAD+ to the enzyme's protein via a assays (in excess of I billion in the U.S.) by self-monitoring
flexible spacer chain. This chain must be long enough to allow diabetics and of ruggedness-glucose oxidase withstanding abuse
the back-and-forth movement of the centers between their site by students and physical chemists.
in the enzyme and the surface of the electrode. Third, the ov- The enzyme is a glycoprotein of MW 160000 having two
erpotential for the two-electron-transfer reaction at the electrode FAD/FADH2 redox centers and a hydrodynamic radius of 86 A.45

must be small enough to allow the maintenance of the specificity The enzymatic oxidation of glucose involves the reactions
that is sought and achieved through the use of the enzyme.

Relatively stable two-electron-accepting diffusionally mediated glucose + GO(FAD) - gluconolactone + GO(FADH 2) (1)
electrodes isave been designed. These operate at potentials where FADH2 + 02 - FAD + H202 (2)
their selectivity is adequate .40.41 Recently, NAD+ has been
covalentli bound via designed chains to genetically engineered Colorimetric glucose assays are based on peroxidase-catalyzed
glucose dehydrogenase,' 2 so as to shuttle in and out of the enzyme. reactions of H 20 2 with leuco dyes; amperometric assays are based
This and other dehydrogenases can be used in conjunction with on electrooxidation of either H20 2
NADH oxidizing mediated electrodes to form 0 2-insensitive H 20 2 - 2H+ + 02 + 2e- (3)
amperometric biosensors.

In a second group of enzymes at least part of the redox centers, or of another enzyme-reduced diffusional mediator such as a
usually porphyrin derivatives, are found at or near the periphery ferrocene derivative Fc (reactions 4 and 5)1.27 or a heterocyclic
of the protein shell. These enzymes are built to transfer or accept quinoid:46

electrons on contact and thus directly electrically communicate
with electrodes. Their rate of electroreduction/oxidation varies, GO(FADH 2) + 2Fc+ - GO(FAD) + 2Fc + 2H+ (4)
however, with their orientation on the electrode surface.26.43 It 2Fc - 2Fc+ + 2e (5)
can be increased through bonding to the electrode surface functions
that interact with a specific protein region, so as to properly orient The electrically insulating glycoprotein shell surrounding the
the enzyme for electron transfer. Because highly selective routing FAD/FADH 2 centers is thick enough to prevent random electron

transfer at biologically relevant rates. A novel genetically en-
(39) Pishko. M. V.; Michael, A. C.; Heller, A. Anal. Chem. 1991, 63, gineered glucose oxidase has a thicker insulating shell, with more

2268-2272.
(40) Persson, B.; Gorton, L. J. Electroanal. Chem. 1990, 292, 115-138.
(41) Bremle, G.; Persson, B.; Gorton, L. Electroanalysis 1991, 3, 77-86. (44) Lieber, C. M.; Karas, J. L.; Mayo, S. L.; Albin, M.; Gray, H. B. Long
(42) Perison, M.; Mansson, M. 0.; Bilow, L.; Mosbach, K. Bio/Tech- range Electron Transfer in Proteins. In Design of Enzymes and Enzyme

nology 1991, 9, 280-284. Models; Proceedings of the Robert A. Welch Foundation Conferences on
(43) (a) Gue. L. H.; Hill, H. A. 0. Adv. Inorg. Chem. 1991, 36, 341. (b) Chemical Research; The Welch Foundation: Houston, 1987; pp 9-24.

Ikeda, T.; Fushimi. F.; Miki, K.; Senda, M. Agric. Biol. Chem. 1968, 52, (45) Nakamura, S.; Hayashi, S.; Koga, K. Biochim. Biophys. Acia 1976,
2655-2658. (c) Assefa, H.; Bowden, E. F. Biochem. Biophys. Res. Commun. 445, 294-308.
1966, 139, 1003-1008. (d) Armstrong, F. A.; Lannon, A. M. Biochem. Soc. (46) Albery. W. J.; Bartlett, P. N.; Craston, D. H. J. Electroanal. Chem.
Trans. 1963, 16, 842-843. Interfacial Electrochem. 1985, 194, 223-235.
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peripheral oligosaccharide, which makes it uniquely stable at 37 Ludwig Schmidt of the Technical University of Munich, we also
C4 7  

modified the oligosaccharide periphery of glucose oxidase with
flexible spacer chains, carrying at their termini electron relays.

Direct Electrooxldatiom of Glucose Oxidase When the spacer chains were long, the peripherally attached relays

In our initial work, Yinon Degani and I coupled, using a penetrated the enzyme sufficiently deeply to establish direct

water-soluble carbodiimide, ferrocenecarboxylic acid to lysine electrical communication between its redox centers and elec-

amines of glucose oxidase.48" We argued that electrons will be trodes."

transferred by phonon- or field-assisted tunneling, via such non- Attachment of Relay-Modified Enzymes to Electrodes
diffusing relays, to electrodes, if at least one of the relays binds In the modified enzymes electrons transferred from the substrate
to a lysine or other amine deep in the insulating glycoprotein shell to the enzyme's redox center through reaction I were subsequently
of the enzyme. We considered it statistically probable to find transferred from this center, via protein or oligosaccharide-bound
between one of the two FAD/FADH 2 centers and the periphery ferrocene relays, to the electrode. As expected, the current at or
of the enzyme (representing the surface of closest approach to above the redox potential of the relays was glucose concentration
a metal electrode) such an amide-forming function and proceeded dependent. The modified enzyme functioned, however, only when
with the enzyme modification experiments. Using modified en- free in solution, i.e., when contained by a membrane in a thin
zymes, we searched for anodic glucose oxidation currents in compartment in the vicinity of the electrode and not when elec-
electrodes built with dialysis membranes that contained the trode-surface bound. Upon binding of the modified enzyme to
modified enzymes in the proximity of a graphite electrode. We a graphite surface through cross-linking, the current dropped to
were driven to this work by the challenge of chemically making a negligible fraction of the original. The experiment suggested
a direct electrical connection between an active center of an that communication was restricted to electron-transfer routes
enzyme and an external circuit and demonstrating that tunneling within the protein, involving fast electron transfer between an
paths can be built into biomolecules and by foreseeing a more
effective interfacing of enzymes and microcircuits than could be FAD/FADH2 redox enter ando e one f the relays and from thatrelay either directly, or through other relays, to the electrode. For
done in CHEMFETS. We expected, and later confirmed, that the latter step to be rapid it was of essence that the distance
electron collection efficiencies and thus current densities can be between the critical relay and the electrode be short, i.e., that the
higher than in most diffusionally mediated systems; and we saw enzyme tumble freely so as to transiently minimize the distance.
a way to medical sensors and sensors for the food and beverage When the enzyme was randomly cross-linked and could not
industries from which no toxic mediator could be leached. tumble, the overwhelming majority of its potential electron-transfer

We observed the expected nondiffusionally mediated electro- routes were inoperative bemause of excessive electron-transfer
oxidation of glucose in our very first experiments. As is, however, distances. As a result, our first directly communicating glucose
so common in science, we also found ourselves embarked on a roller electrodes required membranes to contain the freely tumbling
coaster. When we checked the directly electron transferring enzyme in a small volume near the electrode. With the membrane
modified enzyme for protein-adsorbed low-molecular-weight slowing down the diffusional glucose transport to the interior fluid
diffusional mediators by gel permeation chromatography, i.e., for and with diffusional transport of the enzyme to the electrode
conventional mediators not covalently bound to the "modified" remaining of essence, we were unable to realize two objectives:
enzyme, we found that the "relays" that we assumed to be co- prompt electron collection, i.e., fast response, and efficient electron
valently bound could be separated. Thus, the current was flowing collection, i.e., a current density representing the actual turnover
not through bound relays but was carried by diffusing mediator rate of the enzyme. On the practical side, the membrane re-
ions. Later, reading a patent application on immunosensors and quirement also made the low-cost manufacture of biosensors
trying to repeat an experiment aimed at covalently binding redox difficult.
centers to an immunolabeling enzyme, we found that we were not
alone in our initial erroneous interpretation of results.50 Fortu- Electrical Wiring of Enzymes
nately, because we did not rush to publish, we had no paper to To eliminate the membrane, we had to electrically connect the
withdraw. After a period in which we obtained results that we redox centers so that unique orientation or tumbling would not
could not always reproduce, but that nevertheless kept our hopes be necessary for discharge of eletrons from the modified enzyme
alive, we eventually succeeded in establishing the direct electrical to the electrode. We did so by molecular "wiring" of the enzyme
communication that we sought. To properly bind the electron to the electrode, the "wire" being a redox macromolecule designed
relays to the proteins, we first partially unfolded these using 2 to (a) complex the enzyme protein, (b) electrically connect the
M urea, so as to chemically access regions that are normally not redox center of the enzyme to the electrode, and (c) physically
accessible to reagents.4 ,49 Through such unfolding we were able attach the enzyme to the electrode surface, all without deactivating
to reproducibly react 12-14 amines of the enzyme, which has 15 the enzyme.
lysyl amines. The relays were bound as amides, produced through Redox macromolecules have been used earlier as diffusional
reacting the protein amines and an o-acylisourea. The latter was mediators of electron transfer between enzymes and electrodes
formed of a water-soluble carbodiimide and ferrocenecarboxylic and for enzyme entrapment. In 1980 Nakamura, Nankai, lijima,
acid. Subsequently, connections were made also with ferrocene- and Fukuda described electron mediation between an enzyme and
acetic acid to form ferrocene acetamides of the enzyme protein.51-53 an electrode through organic redox polymers, particularly quinone
Recently, jointly with Wolfgang W. Schuhmann and Hanns- and quinoid heterocyclics such as thionine, riboflavin, or gallo-

cyanine.55 Foulds and Lowe- and Umana and Wallert7 entrapped
glucose oxidase in polypyrrole, a degenerate semiconducting

(47) DeBaetseller, A.; Vasavada, A.; Dohet, P.; Ha-Thi, V.; DeBeukelaer, pouyme The polymer, i t eseneraceseo numofr
M.; Erpicum, T.; DeClerck, L.; Hanotier, J.; Rosenberg, S. Bio/Techno oiy polymer. The polymer, in the presence of traces of platinum offers
1991, 9, 559-561. a high surface area on which H202 generated through reaction

(48) Degani, Y.; Heller, A. J. Phys. Chem. 1967, 91, 1285-1289. 2 is electrooxidized. Polypyrroles were used also by several other
(49) Degani, Y.; Heller, A. J. Am. Chem. Soc. 1981, 110, 2615-2620. groups51s-6 in the oxidation of hydrogen peroxide, as were poly-
(50) Hill, H. A. 0. European Patent Application 84303090.0 filed Aug 5,

1984.
(51) Bartlett, P. N.; Whitaker, R. G. J. Chem. Soc., Chem. Commun. (54) Schuhmann, W.; Ohara, T. J.; Schmidt, H.-L.; Heller, A. J. Am.

1967, 1603-1604. Chem. Soc. 1991, 113, 1394-1397.
(52) Bartlett, P. N.; Bradford. V. Q.; Whitaker, R. G. Talanta 1991, 38, (55) Nakamura, K.; Nankai, S.; lijima, T.; Fukuda, M. U.S. Patent

57-63. 4,224,125, Sept 23, 1980.
(53) Heller, A.; Degani, Y. Direct Electrical Communication Between (56) Foulds, N. C.; Lowe, C. R. J. Chem. Soc., Faraday Trans. 1986,

Chemically Modified Enzymes and Metal Electrodes: Il!. Electron Transfer 1259-1264.
Relay Modified Glucose Oxidase and D-Amino-Acid Oxidase. In Redox (57) Umana, M.; Waller, J. Anal. Chem. 1986, 38, 2979-2983.
Chemistry and Interfacial Behavior of Biological Molecules; Dryhurst, G., (58) Belanger, D.; Nadrean, J.; Fortier, J. J. Electroanal. Chem. 169,
Niki, K., Eds.; Plenum: New York, 1988; pp 151-170. 274. 143-155.
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aniline, 62-64 poly(o-phenylenediamine),"' and polyindole. 66  70

Ferrocene-modified polypyrrole was subsequently used to im-
mobilize glucose oxidase.61,6 A. 60o

Highly flexible ferrocene-modified siloxanes and polyethylene E 0..

oxides were also used as mediators, carrying electrons between
glucose oxidase and other enzymes and high surface area carbon 40--

pastes that adsorb the enzyme and the redox polymer.69-74 In
most of these redox polymer systems, the polymers, often of low A 3
molecular weight (20 kDa or less), acted as diffusional mediators. "
For example, in the case of glucose sensors based on electropo-
lymerized [(ferrocenyl)amidopropyljpyrrole 67 or ferrocene-mod- L 0'*,,
ified polysiloxanes or polypyrroles,- 74 oxidation of the ferrocenes
to ferricinium cations increases the solubility sufficiently to allow 0
such diffusional mediation, even though precipitation of the 0 10 20 30 40 50 60 70 80 90 100 110

mediator that is insoluble in its reduced form reduces the rate of rime (min)
its escape into the solution. Because in electropolymerized px- Figure 1. The electrode-surface-adsorbed redox macromolecule shown
lypyrrle the chains are short, the ferrocene-modified polypyrrole in the insert "catches" and irreversibly complexes (from a - 10, M so-
probably acts as a special kind of a diffusionw. mediator, the lution) glucose oxidase molecules. The time dependence of the glucose
polymer becoming more water-soluble when oxidized, i.e., when current reflects the diffusional flux of enzyme molecules to the electrode
the short polymer chain acquires positive charge through oxidation surface. If the enzyme concentration is raised, the rate of increase in
of neutral ferrocene segments. glucose current becomes correspondingly faster. From ref 76.

Principles of Wire Design rapid in and out diffusion of the substrate and the product, as well
as fast electron diffusion.

Our objectives in the design of stable redox macromolecules To meet these objectives, we used high molecular weight (- l0
for electrical wiring of redox centers of enzymes to electrodes were Da) redox polyelectrolytes, with one-third to one-sixth of the
the following: first, to assure that the wiring redox macromolecule component units having a bound redox center.7'- 79 Segments of
will complex the enzyme and penetrate its protein so as to enable the polyelectrolyte were designed either to hydrophobically interact
electron transfer from the buried redox center to the periphery with the enzyme protein, to hydrogen-bond to the enzyme protein,
of the enzyme. This required that the redox polymer be adequately or to electrostatically interact with oppositely charged domains
soluble in water and that it have hydrophobic, charged, or hy- of the enzyme protein. Upon such interaction they deeply pen-
drogen-bonding domains to adequately bind domains of the en- etrated the peripheral protein or glycoprotein surface, i.e., the
zyme protein."1 Our next objective was to assure that only a small surface defining the closest approach of the enzyme's redox center
fraction of the segments of the molecular wire be bound at any to an electrode. Through such deep penetration the electron-
moment to the electrode surface, with most segments remaining transfer distances between a redox center of the enzyme and at
unadsorbed, i.e., dangling in water, and thus available to complex least one redox center of the wiring redox polyelectrolyte were
and penetrate the enzyme.7 6 Our third objective was to form of sufficiently reduced for electrons to be transferred from the enzyme
the enzyme complexing wires a three-dimensional network in- to the wire at a rate equaling or exceeding the turnover rate of
corporating in its volume, through covalent bonding, a large the enzyme. The transferred electrons then propagated by dif-
number of enzyme molecules. 7 77 9 This network had to allow fusing between the relaying redox centers along the wire, occa-

sionally crossing between undulating segments of the wires as their
relaying redox centers approached each other.

(59) Tamiya, G.; Karube, 1. Sens. Actuators 1989, 18, 297. Attachinent of Wires to Electrodes
(60) Yabuki, S.; Shinohara, H.; Aizawa, M. J. Chem. Soc., Chem. Com-

mun. 19"9, 945-946. Attachment of segments of the wires to the electrode surfaces
(61) Trojanavicz, M.; Matuszewski, W.; Podsiadla, Biosensors Bioelectron. was assured by making the wires long enough. Adsorption of

190, 5, 149-156. practically any macromolecule, even a highly water-soluble po-
(62) Bartlett, P. N.; Whitaker, R. G. M. Sens, Actuators 1978 , 13, lyelectrolyte, to a surface can be made irreversible (except through

79-84. displacement by a more strongly adsorbed solution species), by

(64) Shaolin, M.; Huaiguo, X.; Bidong, Q. J. Electroanal. Chem. 1991, making its molecular weight high enough. The essence of the
304, 7-16. statistical argument behind this is the following: let there be a

(65) Malitesta, C.; Palmisano, F.; Torsi, L.; Zambonin, P. G. Anal. Chem. weakly adsorbed macromolecule having, say, only one of its re-
1990, 62, 2735-2740. peating units per thousand adsorbed on the surface at any instant,

(66) Pandey, P. C. J. Chem. Soc., Faraday Trans. 1 1988, 84, 2259-2265. each unit spending 99.9% of the time in the solution, off the
(67) Foulds, N. C.; Lowe, C. R. Anal. Chem. 1968, 60, 2473-2478. electrode surface. If the chains have about 101 units, the prob-
(68) Dicks, J. M.; Hattori, S.; Karube, I.; Turner, A. P. F.; Yokozawa, T. ai of desorption i.e., of the event that no segment is in contact

Ann. Diol. Clin. 1989, 47, 607-619. ablty
(69) Hale, P. D.; Boguslavsky, L. I.; Inazaki, T.; Karan, H. I.; Lee, H. S.; with the surface, is high. If, however, the macromolecule consists

Skotheim, T. A. Anal. Chem. 1991, 63, 677-682. of 106 units, there are about 103 units adsorbed at any instant,
(70) Hale, P. D.; Inagaki, T.; Karan, H. I.; Okamoto, Y.; Skotheim, T. J. and the likelihood of their simultaneous lifting off is negligibly

Am. Chem. Soc. 1989, /i11, 3482-3484. small. Thus, in contrast with other investigators of enzyme-redox
(71) Inagaki, T.; Lee, H. S.; Hale, P. D.; Skotheim, T. A.; Okamoto, Y. polymer systems, we did not use strongly adsorbed water-insoluble

Macromolecules 1989, 22, 4641-4643.
(72) Inagaki, T.; Lee, H. S.; Skotheim, T. A.; Okamoto, Y. J. Chem. Soc., polymers of low molecular weight, but used instead highly

Chem. Commun. 1959, 1181-1183. water-soluble redox polymers of high molecular weight. Even with
(73) Hale, P. D.; inagaki, T.; Lee, H. S.; Karan, H. I.; Okamoto, Y.; the great majority of their segments being off the surface and

Skotheim. T. A. Anal. Chim. Acta 1990, 228, 31-37. available for interaction with the enzyme's protein, these were
(74) Gorton, L.; Karan, H. 1.; Hale, P. D.; Inagaki, T.; Okamoto, Y.; not desorbed because of their high molecular weight.

Skotheim, T. A. Anal. Chim. Acta 1990, 228, 23-30. Redox macromolecules with excessively strongly electrode-
(75) Degani, Y.; Heller, A. J. Am. Chem. Soc. 1989, 111, 2537-2358. adsorbed segments, such as polypyrroles, make poor wires because
(76) Pishko, M. V.; Katakis, I.; Lindquist, S. E.; Ye, L.; Gregg, B. A.;

Heller, A. Angew. Chem., Int. Ed. Engl. 1990, 29, 82-84. their chains do not extend sufficiently into the solutions, and when
(77) Gregg, B. A.; Heller, A. Anal. Chem. 1990, 62, 258-263. they do their segments are too rigid to fold along protein chains.
(78) Gregg, B. A.; Heller, A. J. Phys. Chem. 1991, 95, 5970-5975. In contrast, the better wiring redox macromolecules are long, their
(79) Gregg, B. A.; Heller, A. J. Phys. Chem. 1991, 95, 5976-5980. individual segments are poorly adsorbed, spending most of their
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time floating off the electrode rather than anchored to it; and while -
floating, they catch enzymes through their built-in protein-corn-
plexing functions.

Cqate of Enzymes by Wiring Redox Macromokcule-Contd F

Figure I shows in slow motion a graphite-adsorbed redox N N.

polymer capturing and electrically connecting glucose oxidase 1 2*3+ CH2

molecules as they diffuse to the surface on which the redox po- ,py)2t. 2
lyelectrolyte is adsorbed. It also shows the simplest of our methods

of making glucose electrodes.76 In order to observe the evolution n - 1, m - 4, p 1.2 NH3 +

of the electrocatalytic glucose oxidation current as a function of Figue 2. Structure of an enzyme complexing redox polyamine designed
time, we slowed the diffusional enzyme transport by using only for cross-linking with a water-soluble diepoxide to form a three-dimen-
a 10-7 M enzyme concentration. The complex between the sional wired enzyme network."'
electrode-adsorbed redox macromolecule and the enzyme is so
strong that it forms even at this low enzyme concentration and features and, in addition, also covalently cross-linkable centers.
in the absence of free redox polymer from the solution. This For the enzyme to be covalently bound to the network in a simple
simplest of the wiring polymers is a 20:1 copolymer of 4-vinyl- one-step process, the cross-linkable groups of the wire should be
pyridine and 4-aminostyrene, with about one-seventh of the similar to cross-linkable groups found in the enzyme. The first
pyridines complexed to [Os(bpy) 2(py)ClI+/2+ and with the residual step in forming the network is complexing a cross-linkable, but
uncomplexed pyridines N-methylated to add positive charge to not yet cross-linked, wire with the enzyme in a fast homogeneous
the chains. The positive charge increases the solubility of the solution reaction. In the next step, the enzyme-redox polyclec-
polymers in water and their electrostatic interaction with anionic trolyte complexes are cross-linked to form the network. While
regions of the enzyme protein. The osmium his- and tris(bi- the enzyme complexing water-soluble wires have high molecular
pyridine) complexes, including [Os(bpy) 2(py)Cl]+/ 2+, are fast and weight, the cross-linkers are smaller water-soluble macromolecules
stable redox couples.80 The electron diffusion coefficient in that do not complex strongly either the enzyme or the redox
[Os(bpy) 2Cl]+/2 + complexed poly(vinylpyridine) exceeds 10"9 cm 2  macromolecule and thus do not break up their complex. Their
S71.7.8s1.82 The potential of the redox polymer is 0.27 V (SCE), molecular weight is low, so that they will not excessively adsorb
well positive of that of the enzyme-bound FAD/FADH2 center, on the electrodes and thereby interfere with the electrical contact
near -0.38 V (SCE) at pH 7. between the electrode and the enzyme-redox polymer complex.

The response time of this simple electrode is faster than 0.5 When the aqueous solution of the cross-linker is mixed with the
s, and its current density at high glucose concentrations is 35 gA aqueous solution of the complex, and the mixed solution is con-
cm-2

,
7 6 about one-tenth of that estimated for a well-packed centrated, the three-dimensional structure, relaying electrons

monolayer of the enzyme. between the enzyme and the electrode, forms. Usually this curing

Effect of the Ionic Strength on the Euzyme-Redox P a is done on the electrode surface itself.

Compex! Partial Chain Separation at High Ionic Strength Enzyme Wiring Epoxy Cements
Because in these simplest electrodes the redox polymers are Three-dimensional redox polyclectrolyte networks that elec-

complexed to the enzyme proteins, both the folding of the poly- trically connect enzyme redox centers to electrodes have been
cationic redox polymers and their interaction with regions of the formed in different systems,7-79 of which enzyme-wiring hydro-
enzyme are sensitive to ionic strength. At high ionic strength the philic epoxy cements are an example.2" Our recipe for making
charges on the interacting macromolecules are screened by anions wired enzyme electrodes resembles instructions on tubings of
in the solution, causing the polyclectrolytes that are stretched by household epoxy cements: "on a clean gold or carbon surface
electrostatic repulsion at low ionic strength to bell up. As a result, thoroughly mix one drop of the liquid in the blue container with
even though the complex does not fully dissociate, segments of one drop of the liquid in the red container, apply to the surface
the polymer no longer penetrate the enzyme and electron transfer and allow to cure for 3 hours". In our case the "red" component
from the enzyme to the polymer becomes ineffective. Nevertheless, is an aqueous solution of the complex formed of two polyamines:
because the complex does not dissociate even at high ionic strength, the enzyme, having lysine amines (and other epoxy-bondable
electron transfer from the enzyme to the complexing redox functions), and the wiring redox polymer, now modified to a
macromolecule becomes again effective when the same electrode polyamine of the type shown in Figure 2. The polymer again
is placed in a solution of reduced ionic strength. The usually has a poly(vinylpyridine) backbone with about one-third to
unwanted sensitivity of the electrical communication between the one-fifth of the pyridines complexed to [Os(bpy)(2)Cl]+/ 2+ and
enzyme and the electrode to ionic strength can be limited by about half the pyridines reacted with 2-bromoethylamine, so as
covalently bonding segments of the redox macromolecule to the to form pyridinium-N-ethylamine polycationic domains that make
enzyme after their complex is formed.75  the polymer well soluble in water and that readily react with

epoxides. This MW 130000 redox polyelectrolyte complexes
enzyme proteins and wires their redox centers also without

The current densities are greatly increased upon wiring multiple cross-linking, as seen in the isoelectric focusing experiment of
layers of an enzyme to an electrode through a three-dimensional Figure 3. The composition of the complex is 7:3 (w/w) polymer
network of interconnecting redox macromolecules. 7-7 9 To avoid to glucose oxidase. Note that the polyanionic enzyme moves to
limiting of the in-diffusion of the substrate and the out-diffusion the anode until reaching its isoelectric pH domain. The polymer,
of the product, it is of essence that these networks form open and a polycation at any pH, smears to the cathode without focusing
hydroplilic structures. Our process of forming such enzyme-wiring at a particular pH. The 7:3 complex formed between the two is
networks requires a redox macromolecule having the discussed immobile at pH 6.5. The polyamine of Figure 2 also complexes
enzyme-complexing, enzyme-penetrating, and electrode-binding and penetrates the protein shell of lactate oxidasc," glycero-3-

phosphate oxidase* and cellobiose oxidase, wiring these enzymes.

(80) Kober, E. M.; Caspar, 1. V.; Sullivan, B. P.; Meyer, T. J. lnorg. Both the redox polyelectrolyte, having several hundred cross-
Chem. 1968, 27, 4587. linkable amines, and 'glucose oxidase, with 15 lysine amines, react

(81) Forster, R. J.; Kelly, A. J.; Vos, J. G.; Lyons, M. E.G. J. Electrownal. with the diepoxide. The cross-linking diepoxide is a MW 400-600
Chem. 196, 270, 365-379.

(82) Oh, S. M.; Faulkner, L. R. J. Electroanal. Chem. 1989, 111,
5613-5618. (84) Katakis, L; Heller, A. Anal. Chem. 1992, 64, 1008-1013.

(83) Pishko, M. V.; Heller, A. Unpublished results. (85) Elmgren, M.; Lindquist, S.-E. Private communication.
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Fle 4. Dependence of the steady-state current density on the glucose
concentration in an electrode made with a three-dimensional redox epoxy
network wiring glucose oxidase: polished vitreous carbon; air-saturated
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Fipgwe 3. Isoelectric focusing experiment showing formation of a 1:1
(w/w) complex between the polycationic redox polyamine of Figure 2 and 0.10.
glucose oxidase: l, isoelectric focusing pl standard; 2, glucose oxidase;
3, redox polymer; 4, 3:7 polymer/enzyme (w/w) ratio; 5, 1:1 polymer/ 0.05o
enzyme (w/w) ratio; 6, 4:6 polymer/enzyme (w/w) ratio; 7, 7:3 poly-
mer/enzyme (w/w) ratio. At 3:7 polymer to enzyme ratio (4) the com- 0.001
plex precipitated, preventing its transfer to the gel.

poly(ethykne glycol) diglycidyl ether, of -40-A length when fully -o.o
stretched, having 7-12 ethylene oxide units between its terminal
epnxiOes. It has been chosen because it is water-soluble and - 0.10,
because it interacts less with proteins than other polymers. -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.

Potrntial (V vs SCE)
The Cafmege of Analyzilng the Kinetics of Figqre 5. Current-voltage characteristics of a 7-pim-diameter glucose
Tree-Dinmesioafly Wired Eizynie Electrodes microelectrode at physiological (5 mM) glucose concentration. The

Electrooxidation of a substrate like glucose at an electrode electrode is an epoxy-embedded graphite fiber in a glass capillary.
coated with the three-dimensional wired enzyme network involves Physiological buffer; scan rate 5 mV sr. 1: no glucose; 2: 5 mM

a sequence of coupled processes: diffusion of the substrate to the glucos'
surface of the hydrogel and the product away from it; diffusion (bpy) 2Cl]+/ 2+ centers. When heavily redox center loaded networks
of the substrate into the hydrogel and out-diffusion of the product; are used, enzymes like glucose oxidase are well connected at 10:1
oxidation of the substrate and reduction of the enzyme's redox polymer-to-enzyme ratio even in - l-pra-thick films, and electrons
center according to eq 1; electron transfer from the enzyme's redox are collected by the electrode faster than by the natural oxidant
center to a nearby redox center of the complexing macromolecule; of the enzyme, molecular oxygen. The current collection efficiency,
diffusion of the electron to the electrode, through percolative reflecting the relative rates of electron transfer via the wiring
electron transfer within and between redox macromolecules; and network to the electrode and electron transfer to oxygen, can be
electron transfer from a contacting macromolecule to an electrode. tracked using calibrated rotating ring-disk electrodes. Here the
In the strongly hydrophilic open networks, substrate and product gold disk is coated with the wired enzyme; the ring is made of
diffusion are not greatly different from those in water. Unless platinum, a catalyst for oxidation of the H 20 2 generated through
the substrate concentration is low enough to make the reaction oxidation of the enzyme by reaction 2. In the absence of a disk
mass transport limited also in the absence of the network, this potential sufficient to oxidize the wiring network, the enzyme in
process will not be rate limiting.78  Electron transfer to the the network on the disk produces only hydrogen peroxide, the flux
electrode from a nearby redox center of the redox macromolecule of which is observed as a ring electrooxidation current when the
is also fast (simply because the centers are redox couples known ring is poised at 0.7 V (SCE). The fraction of the enzyme
to be fast). The rate-limiting process is tentatively perceived as electrically well connected to the electrode can be estimated from
the *spreading" of the charge from the reduced enzyme center the loss in ring current when the oxidizing disk potential is turned
through the wiring network.79  on, i.e., when the wiring network and oxygen compete for electrons

The redox polyelectrolyte-to-enzyme ratio must he high enough from the enzyme FADH 2 centers.
to wire most of the enzyme molecules; furthermore, because the
conductance of the network increases upon increasing the redox Wired Enzyme Network Based MlcToelectrodes
polymer-to-enzyme ratio, whereby the average electron-transfer In semiinfite electrodes and in concentrated glucose solutions,
distance is reduced, a high polymer-to-enzyme ratio is of essence the steady-state current density reaches 0.8 mA cm- 2 (Figure 4).
for efficient current collection when the turnover rate of the In microelectrodes the current densities are even higher, reaching
enzyme is high. The capacity of the network to carry current by 2 mA cm-2, because electrons diffuse now radially to the electrode
multiple self-exchange reactions within and between its segments surface.39 In microelectrodes made with 7-pm-diameter epoxy
must equal or exceed the capacity of the incorporated enzyme embedded graphite fibers in glass capillaries of 20-prm o.d., we
molecules to deliver electrons, observe at physiological 5 mM glucose concentration an easy to

The rate of electron diffusion through the redox polymer itself measure 0.2-nA current (Figure 5) and, at limiting glucose con-
can be increased also by reducing the electron-transfer distances, centration, a current of I nA. In these microelectrodes, electron
through increasing the loading of the polymer with redox [Os- transfer to the wiring network competes effectively with electron
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Fipre 6. Response of the glucose microsensor of Figure 5 in a flow Filpre 8. Suppression of the ascorbate electrooxidation current upon
system to a glucose injection (5 mM glucose) as indicated by the arrow.3 injection of lactate in a wired glucose oxidase electrode coated with

immobilized peroxidase and lactate oxidase. Lactate and oxygen react
1.6. in the presence of lactate oxidase to form pyruvate and hydrogen per-

oxide. Hydrogen peroxide oxidizes ascorbate in the presence of horser-
1.4 adish peroxidase.6

1.2- .oo / changes paralleling independently measured blood glucose levels.
Because the current in these needle-type macroelectrodes was mass
transport, i.e. glucose diffusion, limited and because their response

o0.0 was fast, the electrodes were sensitive to movement. To reduce
0.e movement sensitivity, our in vivo assays involve now coincidence

measurements made with pairs of subcutaneous electrodes. The
0.4 1 coincidence measurements allow rejection of current transients

0.2 resulting from the movement of one limb of a pair with implanted
subcutaneous sensors. Either such coincidence measurements or

0.01 microelectrode arrays, where the current is not mass transport
0 2 4 6 8 10 12 14 16 18 20 limited, are likely to allow reduction of electrode-movement-related

Glucose (MM) noise.

Figue 7. Dependence of the steady-state current on the glucose con-
centration in a redox-epoxy wired glucose electrode made with glucose Elimination of Currents from Electrooxidizable leterferauts
oxidase genetically engineered for improved thermal and pH stability The electrodes, when used as biosensors, can be quite sensitive
(3-mm-diameter vitreous carbon electrode, stirred aerated physiological to electrooxidizable constituents other than the substrate of the
buffer, 0.5 V vs SCE).13  wired enzyme. Common interferants in amperometric blood

glucose assays include ascorbate (vitamin C), urate, and acet-
transfer to oxygen. When the glucose solutions are air-saturated, aminophen, known in the US. as Tylenol. These compounds are
the current is only 3% higher than in deaerated solutions undernitrogen (Figure 6).39 electreoxidized on the Os-eomplex loaded electrodes. We eliminate

F 6their interference by preoxidizing the samples at peroxidase films

St ylity of Wired Enymes applied to our electrode surfaces.87 While glucose is immune to

Electrodes made with three-dimensionally wired epoxy networks rapid oxidation by hydrogen peroxide in the presence of a per-
canbestored atd25ewithther-imnairorinlyfwire esolutio network oxidase, the interferants are promptly oxidized. The peroxidecan be stored at 25 0C either in air or in buffer solutions near rqie omk h lcrdshgl lcs pcfcio ore

pH 7 without substantial change for at least a month. It is possible required to make the electrodes highly glucose specific is, of cous
that electrodes made with glucose oxid~se, genetically engineered not externally added in implanted electrodes but generated in situ
tha eletrovedthesmalde witH glucoseoxide, geneticall y be enm nered susing an oxidase of a serum constituent such as lactate. An
for improved thermal and pH stability,47 will be even more stable example of the suppression of the effects of interferants in a wired
upons torage.in rthe engineredtl th rerasta, resulinzm th low- glucose oxidase electrode through an added layer of lactate oxidase
goccaharide-to-~wotein ratio is greatly increased, resulting in lower and peroxidase is seen in Figure 8. Here blood lactate and oxygen

specific activity4l and in a thicker insulating shell around the redox react to form pyruvate and hydrogen peroxide; the peroxide ox-

centers. We were, nevertheless, able to connect the redox centers idizes peroxidase, and the oxidized peroxidase then oxidizes and

of the thermostable enzyme to electrodes using epoxy cements thus eliminates the interferantsox

(Figure 7).83 Because the redox polymer network excludes

proteolytic enzymes, the network-embedded enzyme appears stable A View of the Status of Amperometric Bioensors for in Vivo
to their attack. With the potential applied, the electrodes made Applications &ad Feedback Loops
with the standard enzyme from Aspergillus niger operate at Solutions are now in hand to some of the problems associated
ambient temperature in an aqueous buffered glucose solution with with building in vivo biosensors, including solution to the problem
a ,-2% loss of current per day. 3 The rate of current decay is of building biosensors where all components are bound in a single
faster at 37 *C, and the electrodes require more frequent re- giant three-dimensional structure, i.e., without components that
calibration. Interestingly, when used in blood plasma~ft the current might leach into the blood;79 to the problem of eliminating in-
of the electrodes drops drastically but reversibly; the current is terferants, common in the blood, that affect the accuracy of the
restored when the electrodes are removed from blood and are readings;87 and to the problem of high enough current densities
retested in glucose-containing buffer. to allow miniaturization to dimensions characteristic of components

dhtl im Vivo Experimeam in microelectronic devices.39 Problems that remain, and on which
colleagues worldwide and we are working, are stabilization of theEven with the substantial reversible current loss in blood, we response of the sensors in order to extend the period between their

were able to observe in experiments involving subcutaneously required recalibration or replacement; exclusion of the blood
inserted needle-type redox polymer wired glucose electrodes current

(87) Maidan, R.; Heller, A. J. Am. Chem. Soc. 1991, 113, 9003-9004.
(86) Kerner, W.; Pishko, M. V.; Heller, A. Unpublished results. (88) Ye, L.; Heller, A. Unpublished results.
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Redox Polymer Film Contahiln Enzynme. 1. A Redox-Conductingi Epoxy Coemet
Synthesis Churacterzation, and Electrocatalytic Oxidation of Hydaroqulnone
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A two-component redox-cooducting epoxy cement bas been prepared and electrochemnically characterized. T7he redox epoxy,
designed for use in enzyme electrodes (see following paper), is formed by reacting two water-soluble components (a poly-
(vinylpyridine) complex of 00"bp) 2a1 and a diepoxide) under near-physiological conditions. The resulting fllnu ame hydrophilic
strongly bound to gold and carbon electrode surfaces, and highly permeable to water-soluble molecules and ions. The electron
"~diffusion coefficient*, D,, of such films at 25 6C, pH 7 is approximately (2-4) X 10-' cm2/s and shows an activation energy
of 60 * 2 ki/mol. D, increases with increasing ionic strength and with decreasing pH. Measurement of the characteristic
current densities for electron 'diffusion* and for the electrocatalytic oxidation of hydroquinone in the redox polymer shows
that a substantial portion of the film is electroactive.

Intrimdweds ftdiffutsion", and electrocatalysis in these films and compare them
Our interest" in enzyme electrodes' 12 has led us to develop to known redox polymers. The following paper describes the

a nove method for making cros-linked redox polymers that electrochemical characteristics of these redox polymer films
resem.ble hydrophilic epoxy cements. Binding an enzyme cova- containing covalently bound glucose oxidase.
lently into a polymer film on an electrode surface demands aSeto
hydrophilic and enzyme-binding reaction that can occur under Ee~etISe.
near-physiological condition and that results in a polymer matrix Chendcals. 2-Bromoethylamiine hydrobromide (Aldrich),
that promotes the stability of the enzyme. Further desirable poly(ethylene glycol) diglycidyl ether (Polysciences, PEG 400,
characterissis in such polymers includ fas dilso f usrt cat. no. 08210), X2OsCJ4 (Johnson Matthey), and Na-HEPES
and product through the polymer film, rapid elecro sefaca (sodium 4-(2-hydroxyethyl)-1-piperazineehanesulfonate) (Ald-
in the redox polymer, and facile electrical communication with rich) were used as received. Poly(4-vinylpyridine) (PVP, No-
the active site of the oxidoreductase. We previoubiy reported' a lysciences, MW 50,000) was purified three times by dissolution
redox polymer based on a poly(vinylpyridine) complex of omu in methanol, filtration, andl precipitation with ether. Unless
bis(bipyridine) chloride that was cross-linked by the reaction otherwise noted, all experiments were performed at room tern-
between pendant N-hydroxysuccinimide groups and lysine on th perature in a standard aqueous buffer solution containing 100 mM
enzyme surface. However, competition between the desired am- NaCI and 20 mM phosphate at pH 7.1.
inolysis of the N-hydroxysuccinimide groups and thewr spontaneous R~edx Polymer, PO@-EA. cis-bis(2,2'-bipyridinc-NN')di-
hydrolysis resulted in unsatisfactory variations from film to film. chlorocsmium(Il)13 (0.494 &, 0.864 mmol) and poly(4-vinyl-
Hene we report an improved and simplified polymer and a penrocess
that employs a classical cross-linking reaction and results in du- (1) Depni, Y.; Heller, A. I. Phya. Chsem. 1967,.91, 1285-1289.
fable and reproducible polymer films. The cross-linking process (2) Depei, Y.; Heller, A. In Redoz Ckewmbtry a#d Iaaerfeda Bhaviw
consists of the reaction between a commercially available, of Iiolicalce Moiecuder Dryhurst. G.. NUki I. dEA; Plesum Prow-~ New
water-soluble diepoxide and the primary amino functions boh ()DegaLi Y.; Keller, A. A. Am. Chmw Sc. I96M 1)0. 2615-2U20
on the enzyme surface and pendant on the polymer. We describe (4) Depani, Y.; Holler, A. J. Am. Chtm. Soc. 199,111i, 2357-2358.
the syndmk ofscthe polymer and examine the effects of crow-linker (5) Pishko, M. V.; Katakis, L.; Lindquist. S.-L4 Ye. "- Gross B. A.
contcentration, ionic strength, pH, and temperature on its elec- Heller, A. Angew. Chem,., Ins. Ed. EntI. 1990, 29,832-64.

trocemial bhavor. he ermabilty f thse edoxpolmer (6) Cireo" B. A.; Heller, A. Anal. Chem. 1996.62, M5-263.
traberica beavir. he ermabiityof hes reox olyer (7) Wise, D. L, Ed. Applied 5ioaesoem , Butterworth: Boston, IM8.

films to a test compound, p-benzoquinone, is described as is the (8) Luong, J. H. T.; Muldulzandan. A.; Guilbault G. 0. 1)'esds Bichem.
electrocatalytic oxidation of hydroquinone. These results allow Ing. 6, 310-316.
us to characterize the kinetics of substrate permeability, electron (9) Higgins. 1. J. Motec 198k Z.3-8.

(10) Bartlett P. N.; Whitaker, R. 0. Mlowues 1967/1913,3, 3596-379.
(11) Foulds, N. C.; Lowe, C. R. Andl. Chem. 1963 60. 2473-2476.

?Pwans address Solar Energy Research Institute, 1617 Cole Blvd., (12) Hale. P. D.; Inagaki T.; Karma, H. I.; Okamooto, Y.; Skotheim. T. A.
Gomdes. CO 3040-3393. .1. Am. Chem. Sac. 199,11342-44
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*. POaEA SCE. The rotating-disk experiments utilized a Pine Instrunments
1tl. 04.p-2 AFMSRX rotator and MSRS speed control.

C1 1 1 'Y. Thes me surme was performed with
a Princeton Applied Research Model 273 potentiostat. The po.
tential was initially held at 0.0 V vs SCE for i5 s, then stepped
to 0.60 V for 0.3 s before stepping back to 0.0 V. The slopes of
the resulting i vs r1/2 plots were unaffected by exending the range
of the potential step (-0.2 V to 0.7 V) or by varying the reidence
time (0.2-0.5 s). Three hundred data points were recorded. The

(b",*,a •reported results are averages of four or five measurements. The
temperature-resolved experiments bepn with the water-jacketed
cell and electrolyte solution at ca. 5 *C. The cell was slowly

b. .. . .d-bc warmed (-40 */h) with a heat gun while the temperature was
measured with a themometer close to the electrode. The electrode
was rotated at 500 rpm to promote mixing and prevent temper-

c. spo , H ature gradients.
,\ .- "-i• 2 ,j Remsts iml Discusion

R, Redox Polymer, POs.-EA. The immobilization of enzymes in

p~m I. (a) Approximate chemical structure of the snmiumcontaining inert polymers has been the subject of extensive research.14,15
redox polymer backbone, POs-EA; bpy is 2,2X-bipyridine. (b) Chemical POs-EA (Figure 1) is a variation on our previously reported
structure of the diepoxide cross-linking agent. (c) General reaction of osmiJ taing polymer' in which cross-linking is now achieved
an epoxide with an amine, via the reaction of a commercially available, water-soluble diep-

pyridine) (0.430 g, 4.09 mequiv) were heated under nitrogen at oxide with the pendant amine functions on the polymer as well
reflux in 18 mL of ethylene glycol for 2 h. After the solution was as with amine functions (e4., lysines) on the enzyme surface. This
cooled to room temperature, 30 mL of DMF and 1.5 g of 2- material is synthetically simpler than the previous polymer and
bromoethylamine hydrobromide (7.3 mnmol) were added, and the stable in aqueous solution for at least I month. The reaction
solution was stirred at 45 OC overnight. The crude polymer was between epoxide and amine proceeds very slowly in neutral
precipitated by pouring the solution into rapidly stirred acetone aqueous solution. Thus, a solution of POs-EA containing the
The hygroscopic precipitate was collected, dissolved in H20, diepoxide (PEG), with or without enzyme, can he prepared that
filtered, and precipitated as the PFj- salt by addition of a solution remains essentially unroacted for at least 48 h. The reaction
of NH4PF6. The dry PF67 salt (0.49 g) was then dissolved in 20 between epoxide and amine takes place to a significant extent only
mL of acetonitrile, diluted with 50 mL of H20, and stirred over after the solution has been dried onto a surface. This greatly
5.2 g of anion exchange beads (Bio-Rad AG1-X4, chloride form) enhances the simplicity and reproducibility of the elect-rod-making
for 2 h. This solution was filtered and evaporated under vacuum process relative to the previous polymers which contained N-
to ca. 10 mL. Concentrated HCI was then added to pH 2, and hydroxysuccintiide grops capable of reacting both with primary
the solution was dripped into rapidly stirred acetonitrile. The amnnes and with water. The reaction between the diepoxide and
precipitate was filtered and dried in a vacuum desiccator. POs-EA (see Figure 1) does not change the charge density on

Both hexafluorophosphate and chloride forms of the polymer the polymer, it simply transforms a pendant primary amine group
were analyzed by elemental analysis (Galbraith) and by visible into a secondary amine when it reacts with one epoxide, or to a
absorption spect o . The approximate structure of the tertiary amine when it reacts with two epoxides.
polymer (hereinafter referred to as POs-EA) at pH 7 is shown Both POs-EA and PEG are highly water soluble. The hy-
in Figure 1. The estimated molar mass of the polymer repeat drophilicity of the two components of the redox polymer, and the
unit, as precipitated at pH 2, is 1510 g/equiv. use of a long cross-linking agent (PEG is approximately 40 A long

Esetrois. A representative electrode film was prepared as when extended), were expected to result in a highly swollen,
follomw a vitreous carbon rotating-disk electrode (3 nun diameter) gel-like redox polymer structure that would promote facile per-
was polished on a polishing cloth sequentially with alumina of meation of the films by substrate and product molecules. We show
decreasing particle size (I pm, 0.3 An, 0.05 mn), sonicated, rinsed below that these films are indeed highly permeable to solution
with water after every polish, and then dried in air. A 50-,%L species. The epoxy-amine network-frming reaction yields tough,
portion of a stock solution of POs-EA (4 mg/mL in 10 mM hydrophilic redox-conducting epoxy cements that are strongly
HEPES, pH 8.2) was added to 10 pL of a stock solution of adsorbed to platinum, gold, ITO, graphite, or vitreous carbon

poly(ethylene glycol) diglycidyl ether (PEG, 2.3 mg/mL in H20). electrode surfaces.
Of the resulting mixture, 24PL was applied to the vitreous carbon Typical cyclic voltammograms of POs-EA oros-linked with
disk and allowed to dry and set up at 37.5 OC for 48 h. The 5.9 wt % PEG on a vitr'i .dik eletrode in the standard
electrodes were then rinsed in H20 for 10 min to remove any salts aqueous buffer solution at pH 7.1 are shown in Figure 2. At low
and unreacted species and dried at 37.5 *C for one more hour scan rates (Figure 2a) the voltammograms exhibit the classical
before use. symmetric shape, 1' showing the reversible oxidation and reduction

Deactivated gold-disk electrodes for the electrocatalysis ex- of a surface bound species with an apparent standard potential
periments were prepared by polishing with alumina, as above, but of 0.28 V vs SCE. Faster scan rates (Figure 2b) lead to a splitting
on a tissue (Kimwipe) surface. This treatment reproducibly of the oxidation and reduction peaks and to a tailing of the waves
decreased the electron-transfer kinetics for gold electrodes, al- characteristic of a diffusion-limited process.
though the mechanism for this decrease is uncertain. Effects of Creass ker CAmeamtrad on Peak Po@mWl aid

F4olpust. Electrochemical measurements were performed Peak Width. A series of eight electrodes were made with con-
with a Princeton Applied Research 175 universal programmer, centrations of the cross-linking agent (PEG) varying from 2% to
a Model 173 potentiostat and a Model 179 digital coulometer. 21% of the total film weight. The highest concentration orre-
The signal was recorded on a Kipp and Zonen X-Y-Y' reode sponds to about one molecule of PEG per 3.8 reactive sites on the
A single-compartment, water-jacketed electrochemical cell was polymer (i.e., per 1.9 amines, each of which can react twice).
used with an aqueous saturated calomel (SCE) reference electrode
and a platinum counter electrode. All potentials are reported vs (14) Mosbach, K., Ed. Mthokda in Eawzp , Academic Prna New

York, 1987; Vols. 135-137.
(IS) Trevan, M. D. Immobilized Easymraa Wiley: New York, 190.

(13) Lay, P. A.; Searsne A. M.; Taube, H. Ihrg. Sy^ 19t6, 24, (16) Murray, R. W. In Eacmroanalyslce Chanktuy, Bard, A. J., Ed.;
291-306. Marcel Dekklr. New York, 1984; pp 191-368.
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PE, - 2.2 x 10-4 mol/cxn2, in the standard buffer at pH 7. 1. T7he 11
onumbers an the corme give the soan rate in mV/s. (a) S - 56.6 gsA/cn 2.70
Mb S - 566 PA/cm2.

Approximately the same total weight of POs-EA plus PEG, 5p& __________

was applied to each electrode (geometrical area - 0.071 cm2). 600 10 2
The amount of polymer that remained bound to the electrode wegt% PEG
surfac was found to be independent of cross-linker concentration.
After the 48-h reaction time 86% * 6% of the PO&-EA originally Figure 3. (a) Change in the peak potential of POs-EA with increasing
applied to the electrd ufaews ccractive, asmaue wt % cross-linker. Average electroactive surface coverage is rF (3.7 *
by integrating the current under a cyclic voltammogram at a slo 0.3) X 10-6 moi/cm2 . (b) Change in peak width at half-height. Eh.
scan rate (I mV/s). When the reaction tine was extended to 3 with increasing wt % cross-inker for oxidation peaks (0) and reduction
days, an average of 90% remained bound to the surface. Ths peaks ()measured at 5 mV/s.
eme lightly cross-linked films are almost quantitatively secured " 9.
to the electrode surface. 4

tomore positive values and increases the peak width at half-height, 7.A
E~b. of both oxidation and reduction waves (Figure 3). Most3A
redox polymer films exhibit an Ew, greater than the theoretical -. 6 AA
value of 90.6 mV," although narrower peaks have also been AA
observed. The P0s-EA films 'exhibit peak widths as low as 68A
mV at low cross-linker concenttration (2% by weight) and increase a

up to approximately the theoretical value at high PEG concen-
trattion (21% by weight). The oxidation pek were always slightly j4
narrower than the reduction peaks (Figure 3). 3'

"*DIhsia CeeUfdsu for Chop Pwping mol Potential step 010 20
chronom 1Perometry(" leads to the determination of the product wih E

I.% where D. is the 'difftision co lent' for th weightnlik
propagation of charge through the polymer film and C. is the Rpgre 4. Change in chronocouloinetric response, shown v~ *:, with
concentration of redox centers in the film. Thus, if CP or, increasing wt % cross-linker for electrodes described in ! go_1
equivalently, the film thickness is known, D. may be calculated. illustration of the magnitude of the electron "difuion coefficient":

Sic tefimthcnesune eprieta oniiosisuual if the concentration of redox, sites in the polymer, C,, were 6.5
not known precisly, the valuie of DqC, (or its square root) is often X 10-4 mol/CM3 (corresponding to a dry film at pH 7 with 9%
reported. Clironoamperometry in the standard buffer solution bywih rnlkeadadnstof10g/mtenD-
at room temperature of the eight electrodes with varying cross- by5 02 wegh cross-linker Ifandaedenst of5.0 g 04mo/cm3 ) then D
linker concentration led to the values of D*C. 2 shown in Figure (1.5pon0.2) to 10'till cm2/ ts.IfC, ere film0 the 10 m ftm (2c.6
4. Within the accuracy of these measurements (::h0%), D.C,,2  repnigt 1.talysletsolnfimte ,~(.
does not exhibit any obvious trend with concentration of cross- 0.trpetaio 1f cm / as. h dfuincefiin"frca
linker; the variations between electrodes are seemingly random. ItreaioofDashe*fuincefcet*orhrg
The average value and standard deviation of D for the eigt propagation through the polymer film requires that charge
electrodes is (6.4 * 0.9) X I r16 0 12 cm't 87a Wiis compares propagation be the rate-limiting step in the chronoamperometric
well with literature results for similar polymer%. 171 As an response, rather than, for example, the flow of charge-compen-

satting counterions. A steady-state method of measuring D. that
eliminates interferences from other possible rate-limiting piocesses

(17) Andrlsuz. C. P.; Hams, 0.; Saveant, J.-M. J. Am. Chem. Soc. 19166 and that does not require knowledge of C, has been described. 30
10#. 817"182.

(11) FoamRJ, Kell~sy. A. J.; Yes, J.G.; Lyons. M. L.0. J. Ekcero.m
Chm. In6g. 270, 365-379. (20) Chen, X.; He, P.; Faulkner, L. Rt.A EIlcrromue. Chmu. 1967,222,

(19) Ob. 5.-M., Faulkner. L R. J. A%. Chsm Sbc. 190,.111, 5613-5618. 223-242.
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1~e S. Arrbeniua plot of chronocoulometric response, D.C,2, as a (NeC)I .3M
function of tenmperature for four electrodes with crams-tinker concentra- Flgwo 6. Change in chronioampero~nitric response, D.C.2, With Mei-
tions ranging from 2% to 21% by weight. centration of sodium chloride forma vitreous carbon electrode coated with

We applied this technique to corroborate our values of D.C, 2  Ps-AF 2.xI0mo/c,40wtP .
obtained from chronoamperometry. A relatively thick layer of 30
POs-EA was deposited over both ring and disk of a ring-disk
electrode and the steady-state disk current wus measured with
both ring and disk biased at 0.50 V (polymer in the 0s"' state)
and with thedisk at 0.50 Vand the ring at 0.00 V (s" state, r4 20
i.e. electrons flowing from ring to disk). From the difference in
the two steady-sante currents and a knowledge of the dimensions A
ofthe ring and the disk, an apparent value of D. --4 X 104 CM2fs

Was estimated.30 The uncertainty in this experiment is large 1 io
because of the small signal-to-noise ratio; nevertheless, the ap- 3

proximate agreement with the chronamperometric results lends AA a AL aA
confidence to our interpretation that these measurements reflect
the *diffusion coefficient* for electrons. 0

For descriptions of electrocatalytic: reactions, the measugrement 0 2 4 6 5 10 12
Of DC.C2 can be combined with the experimentally measured PH
electroactive surface coverage, r,. to calculate the limiting current
density far electron -di ionj.. through the polymer fdI'7.21.32 Film 7. Change in chronoamperometric response. D.Cr,2 with pH for

accordng toa vitreous carbon electrode coated with PO*-EA, r - 2.2 X I 0molnc

j. - FD*C~lr, () Their result was interpreted as implying that electron *diffusion
where F is Faraday's constant. j. expresses the maximum was controlled by segmental motions of the polymer-, i.e., the
steady-state current density for an electrocatalytic reaction oc- electron would hop between redox sites only after random fluc-
currung only at the polymer/solution interface, eq I being simply tuations of the polymer brought the two sites together. Increasing
the Fick's Law expression for electron Odiffusion" through a the degree of crosa-linking restricted polymer chain motion and
completely concentratioin-polarized film of thickness d m 1r,/47, thus increased E.,. The discrepant behavior of POs-EA/PEG
If the electrocatalytic reaction occurs throughout the bulk of the may be explainedl by our use of a very long crams-linker, the length
polymer film, or primarily in a zone dlose to the electrode surface, from pyridine to pyridine along the (extended) PEG chain is about
current densities substantially higher than J. may be attained.22 48 A, i.e. much greater than the average osmium complex to
The average electron-udiffusion"-limited current density for the osmium complex distance along the polymer backbone (mw 15 A).
electrodes shown in Figure 4 isJ, - 1.7 & 0.3 mAC2 Hence, PEG probably does no greatly restrict the short-range

Aellatise Eamrg for Clurge Trainfer. The chronoampero- polymer segmental motion, which presumably controls the elec-
metric: responses of four electrodes (wt % PEG: 2.0, 5.9, 9. 1, and tron-transfer process.
21) were measured as a function of temperature, Figure 5. The Effect of Ionic Strength and pH on Charge Transfer. The
activation enegie for electron "diffusion" of these electrodes were kinetics of charge transfer through the polymer film, as expressed
identical within experimental aroir E.,, w 60:h2kJ/mol. Thius, by D.C,2, is a function of both the ionic strength of the solution
a single line is fitted to the data for these four electrodes in Figur and of the pH. Figre 6 shows the change in D.C, 2 for a vitreous
5. Forster et al." reported activation energies for a similar, but carbo elctod coated with P~s-EA (r' - 2.7 X 10- moi/cm2,
noncross-linked, osmium-containing polymer that varied from 16 4.0 wt % PEG) as NaCI is added to a solution of 10 mM phosphate
to 122 ki/mol depending on the type of electrolyte and the ionic buffer at pH 7. 1. Such an increase in D.C,,2 with ionic strength
strength, while Lyons et al.24 reported that E., ranged from 32 has been observed previously."8 This may be caused by the in-
to 43 U/mci for a similar, bet noncrosalinked, ruthenium-con- creased self-association of the polymer at high ionic strengths,
tamning polymer. The lack of a dependence of E,, on crosslinker as is often observed in solution,"' i.e. by an increase in C, rather
concentration contrasts with the results of Oh and Faulkner," than D,. The tendency for polyclectrolytes to self-associate, or
who observed an almost linear increase in the activation energy coil, with increasing ionic strength has been held responsible for
of D. with increasing cross-linker concentration, from about 25 the decrease in efficiency of noncross-linked, redox polymer-
kJ/mol at 4% cross..linker to about 59 U/mol at 12% croses-linker, mediated oxidation of glucose oxidase at high ionic strenigth.P

_______________________________ This decrease in efficiency is still evident, but substantially al-
(21) Ansidsx. C. P.; Savsant. .I M. A Hkesmarmt CUM 19U~ 13, leviated, in glucose oxidase containing films of POs-EA/PEG,"

163-166.
(22) Amdileux, C. P.; Dumes-Dcucblat, J. Mi.; Saveant, J. M. J. Else-

tromsl. Chew. 1982,131, 1-35. (25) Katchalaky, A. Pure App!. Chew. M971 26, 327-373.
(23) DUttry, D. A.; Amon, F. C. A. Amg. Chsow. Soc. 19K4 106, 59-64. (26) Eleburg, H. DfolcWfu Maoeoviecules &nW Polyelecirodyie In
(24) Lyomw M. E.G.; Pay, H. 0.; VoJ. G..; Kelly, A. J..!. Electroanl. So) vJtor Clarendon Prom Oxford. 1976.

Chem Il9W 230, 207-211. (27) Greas B. A.; Helter, A. Unpublished results.
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a solution species is of importance for biosensor and electrocatalytic
0 applications. Thus, the reduction of a model compound. p.

SO benzoquinone, as a function of film thickness and crowslinker
concentration was investigated. The reduction of p-benmoquinone

8.546- 10 occurs at a potential approximately 0.2"-.30 V negative than

see that of the osmi um(Jll/11) couple. Thus, catalytic reduction on

1.3 t benzoquinone at a POs-EA/PEG-coated gold-disk electrode is
see sheownminm Figu mre can at difeglented r T htio ra etes. d o

The limiting current density, jii for a substrate that partitions
1.70 2660 into a film and diffuses through it to the electrode is described

by28-3
4000

2.26 1l/j, = d/FC5 .*,D. + 1 /0.627C.OD2 13 pi-11OJ"2  (2)

___________ -where d is the film thickness, CO is the bulk concentration of
4.50.0substrate., it s the partition coefficient of substrate into the polymer

B IVolta PS SCE film, D. is the diffusion coefficient of substrate inside the polymer
film, D is the diffusion coefficient of substrate in solution, r is

0.0 the kinematic viscosity, and w is the angular velocity of the rotating
b electrode. In the kinetic treatment of redox polymer electrodes

&0gienbySaeat n c-wrkrs171=- a characteristic current
denityfo sustrtedifusin hroghpolymer-modified electrodes

0100 is formulated2' as

j.- FCar-D,/d (3)

I; MO thus, the intercept of a plot of A-' vs u0/I2 gives J*. Figure Sb shows
such plots for a bare gold electrode and for three gold electrodes

M __-_--_-_--_-_-__-_-_ coated with different thicknesses of POs-EA/PEG. The resulting
0.00 M5 0.10 0.15 characteristic current densities for substrate diffusion through the

0-11 rpm1/2polymer films show the expected decrease with increasing film
0-112I rp-I/2 thickness (Figure 8c). Similar measurements demonstrated that

_________________the permeability was independent of cross-linker concentration
io- in the range 2-21 wt % PEG. The data shown in Figure 8 establish

C A that POs-EA films are highly permeable to benzoquinone, showing
* ~permeation current densities, j., of greater than 2 mA/cm2 per
C4 millimolar concentration of substrate, even for quite thick polymer

Ill6- films. The decrease in benzoquinone reduction current between
W ~a bare gold electrode and one coated with a ca. 1.5-jant (dry
* 4 thickness) film of POs-EA/PEG is less than 15% at 50 rpm.

A Hence, in biosensor or dectrocatalytic applications, such electrodes
2. 2 are not expected tobe.limited by the permeability of small, un-

-~ charged substrates through the redox polymer film.
___ __ ___ __ __ Eisetocsablyti OAlMtlM of Hykorqvine, The oxidation of

0 7 ohydroquinone on a deactivated gold surface at pH 7.1 is kinetically
0 2 4 5 10slow, allowing observation of its catalytic oxidation on a P0.-

TX is' / Wd em-2  EA-coated gold electrode, Figure 9. The formal potential of the
Flam 8. (a) Reduction of 1.1 mM benzoquinone on a h~-APG ydroquinione/benzoquirone couple at pH 7.1 is 0.04 V vs SCEý3
coated gold-isk electrode at 5 mV/s. Electrode area is 0.071 cm2

, thus, its oxidation by the osmium complex of P0.-EA (E., m 0.28
surface coverage is r - 2.1 X 104 mol/cm2. The numbers on th cuve V) is essentially irreversible. Figure 9 shows the sluggish oxidation
give the rotation rats in rpm. (b) Koutecky-Levic plots of benzoquinone of a 3.1 mM hydroquinone solution on the deactivated3' gold
reduction current at -0.5 V at PMs-EA/PEG-coated electrodes as a surface (shown at w~ - 2000 rpm), while on the polymer-coated
function ofsurfaceocove.gr (0) bare goldelectrode;(*) r- 2-1 X104 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

mol/cmý (+) r - 5.2 x 10- mol/crn (o) r - 9.7 X 10 mol/cm2. (8 as.D . eplt .LAd h.17,149
(c) Deazouinone permeation current density per millimolar cocnta (29)Gouahy,D A.; Bud, o.dt. J. Elec anal. Chem. IM19.51.3,2-22
tion as a function of surface coverage. (30) Oh. S. M.; Faulkner, L. R.J. Electrosme. C~ir. 1969,269,77-97.

(31) Andrieux, C. P.; Duias-Bouchiat, J. M.; Saveant, J. M.J1. Mier.
suggestin that cross-linking results in a reduced tendency to alter troan1. Chemn. 1964.169.9-21.
conformation with changing ionic strength. (32) Leoddy. J.; Bard. A. J.; Malay. J. T.; Saveant, J. M. J. EkceroanaI.

The change in D C 2 with pH is shown in Figre 7. A 200 Cheat. 19K 187,205-227.
mM solution of Na~Fand HCI, pH 2.3, was titrated with 200 (33 Brd, A9g .J.FalnrLR.EtrcelelMhjWeNe
mM NaOH while the chrooapeonet- response was mea- (34) On nondeactivated gol electrodes (ie.e, polished with aluminum an
sired. A marked change in D Cr 2 occurred around PH 4, close aplsigcohrather than on a Kimwipe). the oxidation of H2Q lads to
to the reported pK. of poly(vinylpyridine) (pK, * 3.3).l5 An hihrcret(by about a factor of 4) than on deactivated electrodes, but

incraseo in simlar olyer wth dcresingpH ~ shae ofthewave is similar to that show in Figur 9; i~e., no curreat
incraseof .C. ina smilr poyme wih dcresin PHhas plateau is reached in the ac0essi0l potential range (up to 0.55 V vs SCE).

recently been reoort 1 5 where howeve, only the range from pH On noudeactivated POs-BA-coated gold eectrodes, waves attributable to
I to pH 0.3 was examined. The protonation of the polymer oxidation of H2Q on both the ghd substrate and on the PO&-BA were ob-

nearitspk5 s epeced t case a lest ome weling setrve, but the current reached a distinct plateau on the fillm-covered else.occrrig nar ts K. s epeced o cuseat eas soe sellng trod.s and was substantially higher then on the bane electraodes The catalyticof the film as the charge density and counterion concentration curret onse was shite negative of the POs-EA on -et potential. At low
increase thus, C will probably decreas. Thus, it appears that rotation rate; a wave caused by the oxidation and rereduction of the redox
the increas in 3.C,2a is cause by an increase in D.. This in- Poyeraperd on topi of the electrocatalytio current. Three differeaoes

terp atin i. hwevr. enttiv an reqire futhe corob. btwen P&-E-coated deactivated and nondeactivated electrodes show thatterpetaion s, oweer, enttiveandreqiresfurher orrbo- the deactivation process survived the application of the redox polymer-, e~g.,
ration. the curreat onset in Figure 9 occurs at the P0.-BA osmeet potential and a

Persbly The permeability of redox polymer films to rereduction wave for the redo. polymer is not observed.
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that electrons can diffuse to the electrode from the outer film
4oo surface, j, demonstrateb that much of the reaction must be oc-

477 curring inside the film, i.e. in a 'reaction layer" predominantly
near the electrode surf.aceA The decrease in A with increasing
film thicknem is consistent with this interpretation. This illustrates

-20" again that the polymer films are highly permeable to solution

IS" species, allowing reactioni throughout a substantial portion of the
bulk redox polymer. This behavior contrasts with that of a number

3.17 of redox polymer films in which the catalytic reaction is mentally
75, confined to the polymer/solution interface because of insufficient

penetration of the substrate into the polymer film.3" The results
also demonstrate that the POs-EA/PEG redox polyme films are
capable of supporting large catalytic current densities. Such

3" information on the permeability and catalytic properties of these
1.59- redox polymers will contribute to the characterization of the

lee enzyme-containing polymer films.0

A two-component redox epoxy resin has been developed using
- -- - . poly(ethylene glycol) diglycidyl ether as cross-linker for an os-

mium-containing redox polymer with a poly(vinylpyridine)
,__backbone. The resulting redox-mnductitg epoxy cements strongly

o o~j bind to gold, vitreous carbon, graphite, and other electrode sur-
8 Volts VI p S ~faces. Fdms of the radox epoxies are highly pnrmable to solution

species and are able to support large catalytic currents for the
!llm9. Catalytic oxidation of 3.1 mM hydroquinone at a POs-EA/ oxidation of hydroquinone, substantial portim of the film being
PEG-costed gold-disk electrode. A - 0.126 cmi, r - 1.3 X 10-1 tol/ electroactive. The activation energy for electron diffusion'
cu, v - 20 mV/s. The numbers on the curves give the rotation rate in through the polymer film is independent of the extent of cross-
rpm. The dashed line shows the response of the bare gold electrode, linking, suggesting that the motion of the polymer backbone is

electrode, oxidation of the redox polymer leads to a catalytic not greatly restricted by the ong-chain cro-linking reagent. The

current plateau proportional to the square root of the rotation rate. permeability and hydrophilhicty of these films, as well as the

There is no evidence for an upward curvature in the plateau region occurrence of the cras-linking reaction under near-physiological

(F'gure 9), at least for the lower rotation rates, that would indicate conditions, make these epoxies attractive for enzyme electrode

some contribution to the catalytic current from the gold substrate. applications.

That is, in the plateau region, the POs-EA efficiently oxidizes Acknowledgment. Support of this work by the Office of Naval
the H2Q before it arrives at the gold eectrode, thus the background Research and by the Welch Foundation is gratefully acknowl-
current under gur experimental conditions is negligible. edged.

Extrapolation of the plateau currents in Figure 9 (in a Kau- edged .tecy-Lvic plt) o -is, oed to a litn atyicox- Righery N.. PEG diglycidyl ether, 26403-72-5; hydroquinone, 123-
tecky-Levich plt) to w leads t limiting catalytic o 31-9; carbon, 7440-44-0.
idation current density ofJ3 -21.1 mA/cm2 for a film of surface
coverage, r, -1.34 X 10P mol/c=n. jA decreases monotonically
with increasing surface coverage, reachingjk - 3.8 mA/cm2 for (35) Rodkia, It. D. Murray, It. M. J. Phys. Chem. 101. 85, 2104-2112(36) lkbda, T.;Iio C. R., Murray, It. W. J. Am. hmn. 5c. 1901,
rp M 9.65 X tO• mol/cj 2. The expected limiting current density 103, 7422-7425.
fdr electron *diffusion' through such a polymer film (Fp - 1.34 (37) Sdkmebl ft. H., Murray, f. W. A. EnoumI. Om M. 1352,97,
X 10" mol/am2, D.Cp so 6.4 X 10-16 moP cm4 -') if the reaction (38) Krihnma, M4 Zhba. X.; Bhd, A. J. J. Am. Clm. Se. 14, 106,
took place only at the outer surface of the electrode, is 4.6 7371-7380.

pl~~~~ (39) Aunw F. C.; Tiom Y. 14.; Saveant, J. M4. J. 51.crasmin. Clam
mA/em2. The observation that the measured limiting catalytic 39)W 178, 113.
current density, A. is substantially higher than the maximum rate (40) Greg B. A.; Hailer, A. Following paper in thi journal.
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High Current Density "Wired" Quinoprotein Glucose
*Dehydrogenase Electrode
*Lling Y%,.t Mwatn Hiammerl. Arien J. J. Olsthooru1l Wolfgang Schuhmann,: Hans-Ludwig Schmidt,:

Johannis A. Duin.,I and Adam Heliert
Department of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712, Lehrstuhl fCsr Ailgemeine
Chemie und Ejocheinie, Technische Unwversitat Munchen, D-8050 Freising- Weihenstephan, Germany, and Department
of Microbiology and Enzymology, Delft University of Techno (on, 2628 BC Delft, The Netherlands

,orns ockodeso umm proposed by "ubbi" quhioproosbi in contrast to other PQQ-containing enzymes where dialysis
uOsseashydegbeas. 0DN (EC 1. 1M.17) to Ony cawbon against EDTA-containing buffers easily removes them? 2The

wMb an osn'm complepx odshiaft rodox co madmac epoxy enzyme has a very high catalytic activity:~ approximately 8
Lisk TheirawroddusooyaToTNgiieeonca irI -1 minol of glucose is oxidized per minute per milhgram of protein

mahd1.8 vA ecm-' whens 15 #9 cm-2 a Ow ue uzyne aavbig with Wurster's blue7 and approximately 3 with 2,6-dicblo-
a' acuvay 250 g tn 'wnap1*dto escodt rophenol indophenoLs Taking the latter value, this is up to

U o ie so" F cnMmis a eleskdes Iad wf *c 20 times the activity of pure glucose oxidae.. In contrast, the
mddoes (GDX) of shimiv asihf (250 oftb mr'1) bad a rates obtained with the presumed natural electron acceptor
nxmaxnu ommi donm oft of0A mA am-s' Th ab of this GDH,"3 cytochrome bwk are rather low.
a-mdnl NA4~ was mshed wI~h8%Q k kapl Redox centers of flavoprotein enzymes such as glucose

Gn e Mw =ai Ad.., uisa -1,I No ftou Vo 6 ,3- oxidase (GOX) have been electrically connected to glassy
p__ ___& a otase a n odo a carbon, graphiteand gold electrodes through a -dimensional

asoo or argo puge It ders t2 Ct alN redox conducting network, to which the enzyme is covalently
aendd o argn pwged Itdecease .15 C o h Es bound. One of these networks is made of a water-soluble

kE" vbs, hIn 8 h. osmium complex containing redo: polymer P0s.BA'U5-1
(Figure 1) that binds the protein moiety of enzymes, such as
GOX, forming a rec~ox polymer/enzyme complex. Mty-

INTRODUCTION lamine functions of POs-EA and lysylamines of GOX are
crosslinked with a water-soluble diepouide, poly(ethylene

Many quinoproteins (enzymes containing a quinone co- glycol diglycidyl ether) (PEGDB). The cross-linking, iLe.
factor) have been isolated and characterized in recent years. epoxy-curing reaction, can be carried out on the electrode
These enzymes have either pyrroloquinoline quinone WWQQ, surface itself. The cured film, though inoluble in water, is
topaquinone (TPQ, or tryptopbanyltryptophanquinone highly hydrophilic and is permeable to water-soluble ions
(TF'Q) as cofactor.2 Glucose dehydrogenase belongs to the and molecules. Because the enzyme in the Mim is electrically
group ofPQQ-oontainingquinoproteins. Twoquitedifferent connected to the electrode and because the film is permeable
types of quinoproteinmglucosedehydrogenaseexison~esoluble to glucose and gluconate, a catalytic glucose electrooxidation
and the other membrane-bound.' The soluble type has so current density of 0.8 mA cm-2 is obtained in 3-mm-diameter
far only been detected inAcinetobacter cakcoaceticua strains, electrodes at a 1:1 polymer to enzyme (weight/weight) ratio's
while the membrane-bound one is widely distributed among and 2 mA cur' in 7-Ism-diameter miCroelectrodes.' 7 P0&_
Gram-negative bacteria, including A. cakcoaceticus 5 The BA-based epoxies also connect redox centers of other fla-
soluble typeenzyme, used in the here described investigations voprotein oxidases to electrodes.'s
has been characterized by several research groups"~ and it Amperometric GDH sensors that are 02 insensitive have
is referred to here as GDH (BC 1.1.99.17). Its gene has been been reported.19X These sensors employed diffusional redox
cloned' and an efficient expression of the apo-enzyme was shuttles, such as the l,1'-dimethylferricinium cation, with
obtained in a recombinant E-scherichia coli strain.)' Recon- which ca. 60 pA cm-2 current density was reached. Here we
stitutionof apo-tohoko-ezyme requires the preseceof PQQ3 report that 02-insensitive glucose electrodes reaching a 1.8
an Ca2+*ll The latter two are firmly bound to the protein, mA cm-2 current density can be made with GDH connected

through the PEGDE cross-linked redo: epoxy PO'i-EA.
tUniversity of Texas at Austin.

t TachD1scil Univewstat Munchen. MATERIALS AND METHODSI Delft University of Technology.
(1) Duine, J. A.; Fran~k, J.; JongeJan, J. A. Adv. Enzymol. 1987, 59, Glucoseozidase (EC 1.1.3.4, from Apergillus niger) purchased

169-212.. iohe. from Boehringer and gluconic acid purchased from Sigma were

443-44&. (12) Duine, J. A.; Frank, J.; Jongejan. J. A. Anal. Biochem. IM63133,
(4) MlatauWita, K.; Shinagawa, IL; Adachi, 0.; Amoyamoa, M. FEES 239-245.

Microbiol. Left- 19K8,55,55-50. (13) Dokter, P.; Van Wielink, J. ER; Van Klsef, M. A. G.; Duine. J. A.
(5) DNine, J. A. Energy generation and the glucose dehydrogenase Biochem. J. 1968, 254,131-13&.

pathway in Acinetobecter. In 77&e Biology of Acinetobacter, Tower, K. (14) GrB.A;Hle,.J.Py.Ce.919,5057.
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POs-EA n-1, m-1.8,S p-1.1 2000

1500-

ca 1000-

Os. CH2
(bpy)Ec1 0

H2 HCI

Pigre 1. Sluctwe of the oen*arn conople conftaln rdofx polyme 0
P~s-EA.0 20 40 60 80 100

used as received. Glucose (1 M) (from Merck, Darmstadt, FRG) V.ucose concentration. mMt
stock solution was made with deionized water, allowed to FW . oqyjcr f tcurn &Apu mid Oaensrisb to bWH
mutarotate for more than 24 h at room temperature and was and GOX electrodes: (open scpare) (IMi' electaode; (sold dimvmonds)
stored at 4 OC. Poly(ethylene glycol 400 diglycidyl ether) GOXelecfode. Conditon: 0.4 Vvs SCE; 1000 rprnairatmosphsrs.
(PEGDE) was purchased from Polysciences and was used as
received. The other chemicals were reagent or better grade. A disk electrodes were prepared by sealing the glassy carbon rods
pH 7.3 phosphate buffer solution (PBS), containing 0.15 M NaCi int glas tubings with a fast curing epoxy. The surfaces of the
and 20 mM NaHPO4, was used for all electrochemical mea- electrodes were polished with rough, then increasingly fine,
surements Unes otherwise indicated. When used in the flow sandpaper, then with 5-, 1-, and0.3-imm aluminatoamirror finish.
system, the carrer buffer was partially degaseed by reducing the 'The electrodes were sonicated for ca. 5 min and rinsed with
pressure above it with a water aspirator for ca. 20 min. Deionized deionized (DI) water after each polishing step. The enzyme
water, filtered with a hollow fiber microflltrstion capsule (0.2 electrodes were prepared by applying sequentially 1 IML of the
,am, MICROGON, Tagua Hills, CA, was used throughout the polymer PVP~s-EA (10 mg mL-4 in DI H2,0), 0.5 ML of GDH (2
experiments. Potassum hexchloroosmate was purchasedfrom mg =L- in the reonstituted solution) or GOX (2 ing iL-1 in
Strem Chemicals and used as received. 10 mMd HEPES, pH 8), and 0.5 AL of PEGDE 400 (3 mg LI-'

The redox polymer was poly(vinylpyridine) partially N-coin- inDIH,0) totheelectrodesurface. Thacomponenitsweremixed,
plexed with [osmdium bis(bipyridine) chlorideP"' 4' and quater- allowed to dry, and then cured for more than 24 h at room
nized with bromoethylamine (POs-EA, Figure 1). The synthesis temperature. Before the electrochemical measurements, the
procedure was similar to that described by Gregg and Helier."4 electrodes were soaked in phosphate buffer solution (PBS) for
cis-bis(2Z7-bipyride-N,N')dichloroomium(UI) (0.6 g, 1.05 mmol) 30 min and rinsed with DI water.
and poly(4-vinylpyridine) (0.33 g, 3.15miequiv ofimonomer units) Th electrochemical measurements were carried out either in
were heated under nitrogen to reflux in 18 zeL of ethylene glycol acovnialectchmalelornafownjtonnlys
for 3 b. The intermediate Polymer waclecedb drppn ah convemntionalele40troch oemticaelorinat frow inectPioncetnass
reaction mixture into rapidly stirred ethyl acetate (400 mL). Te Apised. Rsarc Mod uel 400 thitentosatfrom eG&G Pasrimncton
methioc Teinemeit polymer was reisoveenc ipiiumaotmt of~ and a KIPP & ZONEN BD41 strip chart recorder was used to

mothnoL he nteredithe plmethwano solupittion from th record the data. The rotator used was a Model ASR 2 analyticalmaethaniol solutlion by' ade h ehnlslto rpiet rotator from Pine Instruments. All steady-state currents were
800 l, of rapidly stired ether and~then filtered and dried. Th measured at 0.4 V vs SCK
intermediate polymer (0.3 g), bromide (2.418 g, 7.5 minol) were
dissolved in 15 seL of ethylene glyool/DMF (1:1) and heated for RSLSADDSUSO
24 h at 100 OC under nitrogen with stirring. After being RSLSADDSUSO
precipitated from acetone, the crude polymer was dissolved with Current Response. The variation of the current density
a small amount of water and passed through a Sephadex column wihguoecnntaonf 0-APG wrdGD(G-50, Pharmacia) with 0.2 M NaCl as the eluant. The collected wt lcs ocnrto fPsE/ED-ie D
solution was stirred with 12 g of Bio-Red AGI-X4 ion-exchange and GOX electrodes in seen in Figure 2. When the electro-
resin (CI form) for 24 h, filtered , and desalted by ultrafiltration. active film contains 8% of the enzyme, the current density
The final polymer product was obtained by evaporatingthe water of the GDH electrode substantially exceeds that of the GOX
in a vacuum oven at 80 OC. The elemental analysis and UV-vis electrode at 0-12 mM glucose and levels off at 1.8 mAcr
spectroscopy showed that the repeating unit of the polymer had at near 70 mM glucose. This current density is about 3 times
1.1 ethylainine, pendant functione and 1.8 unsubstituted pyridine that reached with GOX. The sensitivity of the wired GDH
rings per osmium comipleled pyrndme. electrode at 5 mM glucose is 165 jiA cm' M-1. The higher

GDH apo-enzymne and PQQ were obtained as described by~ current density of the GDH electrode, relative to that of the
Van der Mowr.10 Wurster's blue was synthesized according to Oelcrdeivsomteftratoeetc ra a
the procedure of Michaelis and Grannick.2 The ap-nzm (2 Xecodeivsfrom the enest aste frate oFH elterstro o tanser
ing mL;') was dissolved in 10 mM HEPES buffer, PH 8.0. PQQ frmteP H2 cnrshafomF Hetrsote
(&6.mg alA-) was dissolved in 10 mid HEPES (pH 8-0) with 3 osmium. complex in the redox polymer/enzyme network. The
mMCajCI. A l0-jtL aliquot of the PQQ solution was then added rate constant for the electron transfer to ciffusional shuttles
to 100 ul, of the enzyme solution and mixed thoroughly. The from reduced GDH is also much faster than from reduced
mixture was incubated at room temperature for 15 min; then the GOX.iB9= The rate constant for the electron transfer from
enzymatic activity of the reconastituted bobo-enzyme was assayed reduced GDH to ferrocenen~onocarboxylic acid is 96.0 X 10'

by monitoring thedecoloration of Wurst- L mol-I i1, while it is only2.01 X 105 L mol1-' from reduced
ers blue.1 Themeasuredactvtywas250unitanir'. Th1'Q GOX 23 That thie 3-dimensional redox: network is effective
GDH solution was stored at 4 OC. The reconstituted GDH can incletgfrmGHadrnsrigthmotesuae
be stored at 4 OC for more than 2 mionths without measurable of col lectinrome GDH aendfo treanseringthdem tof the sucrface
lows Of activity,.fteeetoei enfo h antd fteices

Rotaing disk electrodes were made by pres fitting 3-mm mn current density relative to that with electron shuttling
diameter glassy carbon rods into Teflon housing. Stationary with 1,'-dimethyfferrocene. For the latter, D'Coeta, Higgins,

(21) Michaelk, L; Grannick, S. J. A-. Chein- Soc. 1943, 6.5,1747- (22) Schuhmann, W. Sens. Actuators B 19"1,4, 41-49.
1758. (23) Davis G. Bioseraaors 1985, 1, 161-178.



240 ANALYTICAL CHBMISTRY, VOL 65, NO. 3, FEBRUARY 1. 199

771 1.0

Q 2-
0.5-

1 -

1 1 1

0. 0.01
6 7 8 9 is is-..O1p is 1S+ip Is Is-lop Is

pH concentration
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100- M hilection systeml.
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60

40 o 0.06-
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Glucose concentration, mMM00
FWOa 4. Percntage of the cwrent retaheed when the atmosper 00
is changed from argn to oxygen: (sold suatre) WH electrode; (open 0 2 4 6' 8 10
squere) GOX electrode. Time,days

andTuner'9usig poou gaphteeletrdeobervd 4 StbWfto rmutse~d GOH I oisl a ro tealpenitlre.
andTurer,9 uinga pousgrahit elctrdeobsrve 54 Theactivity of the enzyme was assayed spectroscopicaly.

j&A cm-2 at 4 mM glucose and reached a limiting current
density near 5.3 mM glucose. In comparison, the wired GDH 10
electrode has acurrent density of 724 uA cm-2at4mM glucose
and a limiting current density of 1.817 IL cm2 nea 70 mM
glucose. It is thus evident that the redox: network effectively a~ 80-
connects not only FADH2/FAD centers'4-'5 but also the PQQ %
centers to the electrodes. The enhanced limiting current X 0
densty impliesthat inthePEGDE cros-linked POs-BAwired 16
GOX electrodes the current density is not limited by electron
itransfer through the redox polymer but by the electron j 40-
transfer from the enzyme redox centers to the polymer. This
transfer is faster for PQQ-GDH than for FAD-GOX.

pH Dependence. The pH dependence of the current 20-
densities for the GDH and the GOX electrodes is shown in
Figure 3. T1he optimal activity of free GDH is atpH 9when 01
Wurster's blue is used as the electron acceptor.7 However, 0 10 20 30 40
when the electron acceptor is oxidized phenazine methosul-
fate, the pH optimum is VA2 Thus the current of the GDH time, hours
electrode changes relatively little from pH 6.3 to 8.8. MpweT. Comparison oft hsftabyof the WHelsctocbs Confthuou

Absence of Cum-nt Suppression by Oxygen. The operation was in a 10 rnM. gkucoe soktiton in a conventional
elsctrochsnica cal (open squares) and in a flow hijction analyzer

current of the GDH electrode is not suppressed by dissolved whr 15 1&L of 10 ntd glucose pubses was hiected once per how'
02 (Figure 4). Comparison of stationary GDH and GOX (sold diamonds). Electrodes were at 0.4 V vs SCE.
electrodes by testing in thesamesolution, with a bipotentiostat
holding their potentials at 0.4 V vs SCE and a mechanical electrode decreased as the atmosphere was changed fromt
stirre operating at 500 rpm to facilitate event mass transfer argon to oxygen.
to both electrodes, showed that only the current of the GOX Product Inhibition. Product inhibition of the electrode

___________________________ was studied in the flow injection analysis system by period-
(24) Olsthoni, A. J. J.; Duine, J. A. Unpublished reults. ically injecting samples of 1 mM glucose to which incesn
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concentrations of gluconate were added. The current of the only 3 min each hour. The rate of current loss is thus related
GDH electrode is not affected by gluconate (Figure 5). to the amount of glucose electrooxidized (Figure 7).

Stability. The half-life of the dissolved enzyme in 10 mM We conclude that PQQ-glucose dehydrogenase is effectively
HEPES buffer (pH 7.3) at room temperature, determined by electrically wired through an osmium complex based redox
periodic spectrophotometric assay of its activity (Figure 6), polymer to glassy carbon. The extraordinarily high limiting
is 5 days. However, the decay of the current of the GDH current density, 1.8 mA cm 2 , suggesta fast electron transfer
electrodes was faster when tested continuously in 10 mM from PQQ to the osmium complex centers of the polymer.
glucose at 25 C, pH 7.3 (Figure 7, open squares). The current
dropped to its initial value in about 8 h. ACKNOWLEDGMENT
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ABSTRACT

Single-layer and bilayer bienz.rne electrodes based on the combination of a three-dimensional (3-D)
redox epoxy network that electrically connects redox centers of bound horseradish peroxidase (HRP)
to electrodes with a hydrogen peroxide generating enzyme, the redox centers of which are not
connected to the redox-epoxy network, are described. In the single-layer electrodes, H,0 2 generated
by the first enzyme oxidizes the second enzyme HRP, which oxidizes the redox polymer network that
is electrochemically reduced at 0 mV saturated calomel electrode (SCE). When the redox centers of
the H210 generating enzyme are also electrically connected to the redox-epoxy network, the substrate
reduced redox centers are oxidized by the redox polymer network, thus lowering the cathodic
current. Such attenuation is avoided in bilayer electrodes, where the HO producing enzyme and the
redox-epoxy-HRP network are not electrically connected.

The single-layer bienzyme electrodes extend the range of amperometric biosensors based on
directly redox-epoxy "wired" enzymes to enzymes that are difficult to electrically connect to redox
polymer networks and whose preferred or only cosubstrate is oxygen. For the difficult to wire
enzyme-choline oxidase, the cathodic current density in the single-layer peroxidase and choline
oxidase containing electrode is 80 jpA cm-2 at 10 mM choline concentration, while the anodic current
density of the directly wired enzyme is only 5 gA cm-2 . Alcohol oxidase is not electrically connected
to the wiring 3-D redox-epoxy network. The anodic current density of its redox-epoxy wired
electrodes is close to nil, while the cathodic current density, observed in alcohol oxidase and wired
peroxidase containing single-layer electrodes at 10 mM ethanol, is 5 IxA cm-2 . When well-wired
enzymes, such as glucose oxidase or lactate oxidase, are utilized in single-layer electrodes, limiting
cathodic current densities of 60 UA cm- 2 are observed for both enzymes. These currents are much
lower than those observed in the airectly wired enzyme anodes.

KEY WORDS: Biosensors, Peroxidase, Electrical wiring.

INTRODUCTION of biomolecules. A residual problem of the single-layer
Fe(CN)4~1 3- bilayer electrode has been the competing

In order to circumvent the problems associated with the reverse reaction of reduction of Fe(CN)63 to Fe(CN)r-
high (0.7 V vs the saturated calomel electrode (SCE)) by glucose reduced glucose oxidase FADH2 centers. Such
operating potential of 1710, monitoring amperometric reduction diminishes the cathodic current.
biosensors, Kulys et al. [1] introduced in 1981 the con- Subsequently, Tatsuma and Watanabe (21 immobi-
cept of peroxidase containing bienzyme electrodes. The lized HRP on SnO, electrodes using a silane as a cou-
electrodes had a film of horseradish peroxidase (HRP), pier, then glutaraldehyde crosslinked GOX on the im-
glucose oxidase (GOX), and bovine serum albumin (BSA) mobilized HRP film, and used ferrocene monocarboxylate
coimmobilized through glutarldehyde crosslinking. The to mediate electron transport. Though the two enzymes
hydrogen peroxide formed in the GOX catalyzed reac- were separated, the ferriciniumn carboxylate formed from
tion of glucose and oxygen, oxidized HRP which, in turn,
oxidized dissolved Fe(CN)r- to Fe(CN) 6. The latter ion
was electroreduced in the amperometric assay. The re- *Dedicated to the memor' of Prof. W. Simon.
suiting glucose sensing cathode was less sensitive to 'Present Address: Department of Chemistry and Biochemistrv. Con-

cordia University, 1455 Maisonneuve Blvd West, Montreal, Quebec
electrooxidizable interferants and to fouling, caused by H3GIM8, Canada.
the formation of insoluble films upon electrooxidation "To whom correspondence should be addressed.

O 1993 VCH Publishers, Inc. 1040-0397/93/$5.00 + .25 825
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ferrocene carboxylate upon electron transfer to oxidized solid) were from Sigma. Lactate oxidase (from pedi-
HRP, was partly electroreduced by the GOX-FADH 2 cen- ococcus sp., 312 units/mg) was purchased from Gen-
ters. This parasitic reduction diminished the cathodic zyme. Polyethylene glycol diglycidyi ether (PEGDGE) MW
current. The problem was partially overcome by Kulvs 400 (PEGDGE 400) was purchased from Polysciences. All
et al. [3,4] who built bienzyme electrodes without me- others chemicals were of the best available commercial
diators, relying on the direct electroreduction of oxi- grade. Glutaraldehyde stock solutions were prepared us-
dized HRP on graphite electrodes. Because HRP multi- ing grade I solutions and kept frozen. Stock solutions of
layers cannot be effectively electroreduced in this case, glucose were left to mutarotate at room temperature for
only the actual electrode surface contacting HRP mole- 24 hours before use and then kept refrigerated. Stock
cules is electroreduced. Therefore, the current densities solutions of L-lactate was prepared daily.
are low (45 A.A cm- 2) and the dynamic range is narrow
(0.27 to 2.46 AM). Electrode Construction and Preparation

Gorton et al. followed a similar approach using sur- Rotating disk electrodes were made of 1-cm length of 3-
face adsorbed peroxidase to measure HO, produced in R t diskelectrods were made om lenghf
a variety of oxidases. They improved on the original Ku- mm diameter vitreous carbon rods from Atomergic
lys design by using macroporous graphite [51 and carbon Chemicals Corp. These were press-fined into one end of

paste electrodes [61 to increase the surface area. a Teflon sleeve. The opposite end of the sleeve had a

Boguslavsky et al. recently alleviated the problem of press-fitted stainless steel rod threaded to match a Pine
the electrooxidation of enzyme FADH, centers by me- Instruments rotator. Electrical contact between the vit-
diators through using carbon-adsorbed, and thus less reous carbon and stainless steel rod was made with a
diffusionally mobile, ferrocene based redox macromol- silver epoxy (Epo-tek -2Oe from Epoxy Technology Ic).
ecules. Their electrodes were built by immobilizing cho- The electrodes were polished first with 6 pm then with
lesterol oxidase on carbon pastes with macromolecule- 1 pAm diamond suspension followed by 0.3 pm alumina
bound ferrocenes [7]. (purchased from Buehler). After each polishing step, the

Here, we describe bienzyme electrodes made with electrodes were sonicated 3 to 6 minutes in deionized
H20 2 producing redox enzymes that are poorly or not water.
at all connected to electrodes by a 3-dimensional (3-D)
redox-epoxy network. These networks, however, effec- Bilayer Electrodes
tively connect HRP to the electrode. We show that ef- The inner hydrogen peroxide sensing layer was pre-
fective cathodes can be built by coimmobilizing in a sin- pared using a 20 mg/mL HRP type VI solution in 0.1 M
gle-layer electrode the 3-D redox-epoxy network, that NaHCO3. A 100 AL of the HRP solution was reacted with
electrically connects HRP, together with H202 producing 50 pL of 12 mg/mL Na1O 4 and incubated for 2 hours in
choline oxidase (ChOX), alcohol oxidase (AOX), or D- the dark at room temperature. The NaIO 4 treatment forms
amino acid oxidase-(D-AAOX). These are superioi in aldehyde functions by oxidation of sugar residues at the
current density, sensitivity, and dynamic range to anodes enzyme surface. Next, 10 I .L of the oxidized HRP was
based on direct "wiring" of these enzymes. added to 50sf.L of 10 mg/mL POs-EA and 60 waL of 0.5

In this context, we also analyze well "wired" en-
zymes: GOX and lactate oxidase (LOX). We point to lim- mg/mL PEGDGE 400. The polished electrode was coated
itations of single-layer wired HRP bienzyme cathodes with with 3 A.L of this mixture, and the film on the electrode
GOX and LOX, where the FADH 2 centers of the oxidase was cured for 48 hours in a vacuum desiccator.
are directly and efficiently oxidized by the redox epoxy The preparation of the outer layer depended on the
networks and, as a result, produce less H202 in the pres- enzyme that was being immobilized. For a typical alco-
ence of oxygen. hol oxidase electrode, 10 pL of 0.52% enzyme solution

was mixed with 10 A.L of 20% BSA and 5 p.L of 2.5%
glutaraldehyde. An electrode already coated with a layer

EFXPER ENTAL of redox-epoxy cemented HRP was treated with 5 AL of
the oxidase-containing mixture and cured for a least 2

Reagents hours. ChOX electrodes were prepared similarly to the

The redox polymer (POs-EA) used was poly(4-vinylpyr- AOX electrodes, except that different amounts of the en-
idine) modified by partial complexing of pyridines with zyme were used. Lactate oxidase electrodes were made
Os(bpy)2Cl+/-' and partial quaternization of the residual by applying 10 A.L of a mixture containing 60 pAg/mL
pyridines with bromoethyl amine, to facilitate crosslink- glutaraldehyde, 10 mg/mL LOX, and 5 mg/mL BSA onto
ing. Preparation of the redox polymer POs-EA has been the electrode. D-amino acid oxidase electrodes were
described earlier [8]. Glucose oxidase (E.C. 1.1.3.4, type prepared by using a solution containing 2.9 mg/mL D-
X-S from Aspergillus niger, 198 units/mg solid), HRP (E.C. AAOX and 0.77% glutaraldehyde. A 10 AL aliquot of this
1.11.1.7, type VI from horseradish, 288 units/mg), AOX mixture was put on the electrode and incubated for at
(E.C. 1.1.3.13 from Pichia pastoris, 33 units/mg protein), least 2 hours. For glucose oxidase electrodes, 100 AL (20
D-amino acid oxidase (D-AAOX) (E.C. 1.4.3.3 from por- mg/mL, 10 mM HEPES, pH = 8) GOX was reacted with
cine kidney, 9.9 units/mg), and choline oxidase (ChOX) 50 ALL (12 mg/mL NaIO.) and incubated for 2 hours in
(E.C. 1.1.3.17, from alchaligenes species, 11 units/mg the dark at room temperature. After incubation, 2 p.L of



Q Bienzyme Sensors Based on "Electrically Wired" Peroxidase 827

oxidized enzTme would ,typically be spread on the elec- 100'
trode and allowed to incubate for at least 2 hours. •,

Single-layer Electrodes Eo o

These were prepared in a manner similar to the prep- • 10'

aration of the HzO2 sensing inner layer of the bilayer
system, except that a defined quantity of an oxidase was

also added to the mixture containing POs-EA, PEGDGE
400, and oxidized HRP. Typically, 3 /•L of the resulting • 1
solution was coated on the electrode and allowed to cure o
for at least 48 hours, r•

Measurements
.1Electrochemical measurements were performed with a .01 .1 1 10

Princeton Applied Research model 173 potentiostat/gal-
vanostat. The disk electrodes were rotated with a Pine Substrate Concentration, mM
Instruments model AFMSRX rotator and model MSRS
speed controller. The standard three electrode cells had FIGURE 1. Dependence of the current density on
an SCE reference electrode and a platinum wire auxil- concentration of the substrate Mr single-layer cathodes.

Each cathode has 10 p.g redox polymer, 1 /•g crosslinker,iary electrode. All measurements were performed in an and one of the following: 14/•g AOX with ethanol
open cell under air and at room temperature. All con- substrate (closed squares), 20 p.g ChOX with choline
stant potential experiments were performed with a to- substrate (closed circles), 24 ta• LOX with lactate
tating disk electrode at I000 rpm. The working electrode substrate (open circles), 42 ta• D-AAOX ruth D-alanine
was typically poised at 0 V (SCE), and the resulting cur- substrate (open squares), and 15•g GOX with glucose
rent was measured as a function of time. substrate (triangles). pH 7.4, 0.0 mV versus SCE, 1000

rpm.
Flow Injection Analysis

These experiments were performed in a wall jet cell,
using 1-mm-diameter glassy carbon electrodes (Cypress
System, Lawrence, KS). Injection valve and sample loops
were from Rheodyne Co. (Cotati, CA). The electrodes were
poised at 0 V (SCE). The carrier was a pH 7.5 phosphate
buffer solution.

RGURE 2. Dependence of the current density on the
concentration of the substrate for single-layer anodes.

RESULTS AND DISCUSSION Each anode has 10/aj redox polymer, 1 /.=g crosslinker,
Single.Layer Bienzgrme Cathodes and one of the following: 20 pg ChOX with choline

substrate (closed circles), 24 p.g LOX with lactate
The dynamic range for five single-layer bienzyme elec- substrate (open circles), 20 p.g D-AAOX with D-alanine
trodes, where both HRP and the hydrogen peroxide gen- substrate (open squares), and 20/.Lg GOX with glucose
crating enzyme are bound within the 3-D PolyOs-NHz- substrate (triangles). pH 7.4, 500 mV versus SCE, 1000
PFXX;E redox-epoxy network [9], are shown in Figure 1. rpm.

The electrodes were made with AOX, CI.OX, LOX, D- 1000:
AAOX, and GOX. The substrate concentration depen-
dence of their steady-state cathodic current densities was ' E
measured at 0 V (SCE). Figure 2 shows corresponding o
data for the dependence of their anodic current densi- • 100 ••
ties, measured at 0.5 V (SCE). No curve is shown for
AOX because the current was nil in the absence of Oz •
i.e., when H202 was not generated. As seen in Figure 2, • 10
the anodic currents resulting from electron transfer from

enzyme FADH2 centers to the redox polymer network
increase in the order AOX < D-AAOX < ChOX < LOX S1GOX- The HO2 concentrations in these films and thus o•

the cathodic currents are reduced through partial elec-
trooxidation of FADH., centers by the redox polymer. .1 ...................................
Because an FADH., electrooxidation current is not ob- .01 .1 1 10 100
served for AOX and is ve• small for ChOX and D-AAOX,
single-layer bienzyme electrodes are appropriate for the Substrate Concentration, mM

- - ,- w m m l
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FIGURE 3. Dependence of the current density on FIGURE 5. Dependence of current density on glucose
glucose concentration for a single-layer glucose cathode concentration for a glucose oxidase bilayer cathode. The
made with 0.25 pLg (dosed squares), 0.5 Ag (open glucose oxidase loadings in the outer layer are 131 /g
squares), 2.5 /g (dosed circles), and 5 pg (open circles) (closed squares), 26 Ag (open squares), 2.6 pg (closed
glucose oxidase loadings. pH 7.4, 0.0 mV versus SCE, circles), and 1.3 p;g (open circles). pH 7.4, 0.0 mV versus
1000 rpm. SCE, 1000 rpm.

assay of alcohols, choline, and D-amino acids. Lactate and between electrooxidation of GOX-FADH, centers and their
glucose can also be cathodically assayed with single-layer reaction with 02, the first is favored at high glucose con-
cathodes, but interpretation of the relationship between centrations, where the system is 0, depleted and the
the current density and the concentration of the sub- second at low glucose concentrations, where 02 is abun-
strate is difficult. It is particularly so in the case of GOX dant.
where, at high GOX loading, the current increases with Bilayer Bienzyme Cathodes
substrate concentration up to 8 mM glucose and then
decreases at higher concentrations (Figure 3). The de- In electrodes made with separate redox-epoxy wired HRP
crease is attributed to the short circuiting of th, lic and oxidase layers, there is no electrical contact between
current by the directly wired oxidase. In the c in the two as long as interdiffusion of the two layers is pre-

FIGURE 6. Dependence of the current density on the D-
FIGURE 4. Dependence of the current density on lactate alanine (squares) and D-tyrosine (circles) concentrations
concentration for a lactate oxidase bilayer cathode. The for a D-AAOX bilayer cathode. The D-AAOX loadings in
lactate oxidase loading in the outer layer is 100 p;g. pH the outer layer are 24 pLg for alanine and 133 jg for
7.4, 0.0 mV versus SCE, 1000 rpm. tyrosine. pH 7.4, 0.0 mV versus SCE, 1000 rpm.
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FIGURE 7. Dependence of the current density on the FIGURE 8. Dependence of the current density on the
methanol (squares) and ethanol (circles) concentrations choline concentration for a choline oxidase bilayer
for an alcohol oxidase bilayer cathode. The alcohol cathode. The choline oxidase loading in the outer layer is
oxidase loading in the outer layer is 200 dg. pH 7.4, 0.0 400 j.g. pH 7.4, 0.0 mV versus SCE, 1000 rpm.
mV versus SCE, 1000 rpm.

vented. Here the flow of electrons from oxidase FADH, characteristics. When the fraction of (electrically insulat-
centers to the peroxidase-wiring redox epoxy network ing) enzyme protein in the hydrogel is excessively high,
is negligible. Thus, catalytic electroreduction of the net- electron transport is poor and the H2O electroreduction
work by the substrate, e.g., glucose, does not compete by HRP is limited by the flux of electrons from the elec-
with electrooxidation of the redox hydrogel by oxidized trode via the redox hydrogel to the incorporated HRP
HRP even in the case of the well-wired enzymes, such molecules. Therefore, enzymes, such as D-AAOX, ChOX,
as GOX and LOX. In the absence of direct electrooxi- and AOX, that have a relatively low specific activity, are
dation through a wiring polymer network the cathodic expected to reach higher current densities with bilayer
currents, for these easy to wire enzymes, are higher in electrodes which can be more heavily oxidase loaded.
the bilayer cathodes than in single-layer cathodes (Fig- Indeed, both bilayer cathodes with D-AAOX and AOX
ures 4 and 5). Unlike the single-layer cathodes, the bi- show higher current densities than single-layer elec-
layer cathodes do not exhibit a current decrease at high trodes (Figures 6 and 7). The current density of the bi-
substrate concentrations. layer ChOX cathode is nevertheless similar to that of the

The single-layer electrodes differ from the bilayer single-layer cathode, even though this enzyme has a low
electrodes also in their weight fraction of electrically in- specific activity (Figure 8). This anomaly may reflect the
sulating protein and thus in their electron transport better HO 2 collection efficiency in the single-layer sys-

FIGURE 9. Redox cycles for bilayer and single-layer cathodes. Single-layer cathodes have an electrically wired HRP,
and H20 2 diffuses within the film. Bilayer cathodes have an electrically wired HRP inner layer and a nonwired oxidase
outer layer. H20 2 diffuses between the layers.

Bilayer Outer Layer Bilayer Inner Layer

Diffusion i0 mV
SUBSTRATE OXD H 02  -H 202 R sox22re 

e

PRODUCT JI XDr 2 H RO

Single layer immobilization
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FIGURE 10. Potential dependence of the steady state FIGURE 12. Dependence of the maximum current on the
current for a lactate bilayer electrode made with 100 l•g D-alanine concentration for a D-amino acid oxidase
lactate oxidase in the outer layer. pH 7.4, 1000 rpm, 0.2 bilayer cathode operated in a flow system. Flow rates
mM lactate. 0.75 mL min-' (circles), 1.5 mL min-' (squares), and 2.1

mL min-' (triangles); carrier pH 7.5 phosphate buffer
solution. The D-amino acid oxidase loading in the outer

tern, where the H2O2 need not diffuse from layer to layer layer is

to be sensed. The proposed redox cycle sequence in bi- 15 Ag.

layer and single-layer electrodes is shown schematically
in Figure 9.

Potential and pH Dependence of the Current ilar to that of the Hz 20 electrode itself [9]. The cathodic
Density of the Bilayer Cathodes current reaches its plateau already at +0.3 V (SCE) and

does not change substantially at least to -0.2 V (SCE).
The potential dependence of the cathodic current of the The pH dependence of the currents for the single-
lactate bilayer electrode is shown in Figure 10, It is sim- layer and bilayer cathodes is similar to the pH depen-

dence of the oxidase's activity in solution. The pH de-
pendence of the current for wired HRP cathodes is nearlyFIGURE 11. pH dependence of the cathodic current for flat between pH 4 and 9. It straddles the pH optima of

the standard inner layer H202 sensor at 0.01 mM H20 2 - f. th ee onid9ses studiede(Figureop1).
The pH was adjusted with HCI or NaOH in a universal the five oxidases studied (Figure 11).
buffer containing 0.02 KH 2PO4 M of one of the following:
sodium citrate, boric acid, KH2PO4 and sodium barbital. Flow Injection Analysis
The pH optima for bilayer cathodes are indicated. 0.0 mV
versus SCE and 1000 rpm. In flow injection analysis it is not necessary to reach a

steady-state current in order to assay the analyte. This is
6- an advantage in bilayer electrodes where it takes, in some

(,,

E 5.

TABLE 1 Operational Half-Lives of Single-Layer and
M 4- Bilayer Cathodes at 0.0 V (SCF) at 25 *C in Air-

Saturated Solution
c 3
* Half-Life In Continuous

S 2 Operation

Hours Enzyme Single-Layer Bilayer

1 Alcohol oxidase 4 7
Glucose oxidase >15V >40
Lactate oxidase 6 >30

0 Choline oxidase 23 >30
0 5 10 15 D-Amino acid oxidase 48 >30

D-Alanine Concentration, mM aThe current initially increased and then declined.
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cases, ca. 5 minutes to reach a steady-state current. Fur- CONCLUSIONS
thermore, through varying the flow rate of the carrier, Substrates of HO, generating enzymes that are difficult
the sensitivity and dynamic range can be adjusted to the to electrically connect to electrodes by 3-D redox-poly-
desired range. Working at a linear flow rate of 1.1 mL mer networks can be readily assayed with bienzvme
min-' and a loop sample of 50 jIL, a bilayer lactate elec- electrodes at 0.0 V (SCE). This advantage is gained, how-elecrode at 0.0 Vnye (SCE).t Thi advanear curen gane,-w
trode (20 lig of enzyme) exhibits a linear current in- ever, at the expense of having to operate the electrodes
crease with lactate concentration from 0.2 to 1.8 mM (20 in aerated solutions.
jig LOX, 1.1 mL min-' flow rate; phosphate buffer car-
rier, not shown). This may be compared with steady-state ACKNOWLEDGMENTS
rotating disk experiments where the current is linear only
to 0.6 mM lactate. The FIA is completed in less than 90 The work described was supported by the Office of Nawil Re-
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where the linear region is increased to 2 mM. Foundation.
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Cross-Linked Redox Gels Containing Glucose Oxidase for
Amperometric Biosensor Applications

Brian A. Gregg and Adam Heller*

Department of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712

Oddorsioctse such as glucose oiddse, cat be dectrlcany measured either the decrease in 02 concentration at an oxygen
"wired" to electrodes by electrostatic complexing or by co- electrode (15) or the increase in H20 2 concentration at a
valent bhndin of redox polymers so that tle ectrons ow platinum electrode. The H2O2 formed in such sensors de-
from the n yme, n Mvough th potymer, to Me electrode. We grades the enzyme (16). Nature alleviates this problem
decr b0 two ,materid for ampefmtrfi blosens bond an through the use of the highly active enzyme catalase, which
a crose-linkable poly(vlnylpyrldlne) complex of [O0- catalyzes the disproportionation of the H2 0 2 to water and
(bpy),0]+*+ tW €ommulofe SWC. y with Ibvin ads- oxygen. Furthermore, the electrode current depends on the
nine d cleolde redex centers of eome/usuch 88 gconcentration of both enzyme substrates, i.e., glucose and 02.nine di oe iGo.5x~d ce dnters of enzymes p ~sye)glucose Measurement of the H202 concentration requires both a highlyoxida, . The u ed pyridnes of Vis poly~dnyipy lcne) catalytic electrode (edg., Pt) and a potential (ca. 0.7 V vs SCE)
we quatornbzod with two types of groups, onetoo p ~t[h hy- substantially positive of the reversible potential for thedriklOckty (2-bromoethnol or 3b uttoproplonlo acid), Ve FAD/FADH 2 couple (E* - -0.4 V vs SCE) (17). This may
ote containing an active seter (N-hydroxymscckndmde) &Mad result in large spurious currents due to a number of easily
foms. anido bonds with both lyunes on ft enzyme sat'ae oxidized species in the system to be measured. Because of
and with an added polyamine cross-inking aget (tir- this problem, selective membranes were required to maintain

thyMetotraUmine, tritn). In the presence of glucoe oxi- the specificity of the enzyme electrode.
dase and trin thIs polymer forms rugged, cro• 4biked, lec- The more recent devices have employed small diffusing
tactv finms on thO surface of electrodes, therby eoinl- electron mediators (Ox/Red) such as ferrocenes (18, 19),
nt the requirement for a membrane for contakfng the quinones (20), ruthenium amines (21), components of organic
senzme and redox couqle. The gkmos respons tUmr of the metals (22-27), and octacyanotungstates (28). In such elec-
resudtng electrodes less tham 10 . Theg cose response trodes, reaction I above is followed by
uider N6 shows an apparent Milchei co nsant, K.,' = 7.3 GO-FADH2 + 20x -- GO-FAD + 2Red + 2H+ (3)
nM, and -iling current densi1e, ,, between 100 and 800
sA/cm2 . Currents we decreased by 30-50% In air-seturated where the reduced form of the mediator (Red) is subsequently

sodions becamse of competion between 02 mid Oe(I I) electrooxidized. Catalase can be added to such a system to

complex for electrons from the reduced enzyme. Rotating protect the enzyme from H 202. The potential at which these

ring disk experments; In air-saturated scuftos containg 10 electrodes operate is only slightly positive of the formal po-

mUA glucose show that about 20% ol th active anzyme M tential of the mediator, and a highly active noble metal
U_ g mwa thet bout I)%complex, e th e restv Iso 1 electrode is not required for the reaction. Thus, spuriouseoetrooxidize d via the Os(IuIts) sotpetx, While the ret is currents due to competing species may be reduced. Still, in

oxidized by 0=. These results sugg5f that only prt o th an oxygen-containing medium, there is a competition between
active enzymefl Is In electrical contact with the electrode. the oxidized form of the mediator (Ox) and oxygen for the

reduced form of the enzyme (GO-FADH2) (eqs 2 and 3).
Thus, the electrode current is independent of the oxygen

INTRODUCTION concentration only insofar as the mediator competes effectively
Enzyme-based biosensors are being used in an increasing with 02.

number of clinical, environmental, agricultural, and biotech- Many enzyme electrodes require that the enzyme be con-
nological applications (1-4). Ideally, the high selectivity of fined to the proximity of the electrode surface by a membrane.
enzymes, when coupled with modem electrode technology, Diffusion of substrate and product through such a membrane
should result in an electrochemical sensor capable of detecting controls the (usually slow) response time of these electrodes.
the concentration of a single biochemical species in a medium The required membrane seal also increases the cost of these
containing a diverse mixture of other compounds. Ampero- electrodes. Furthermore, the small mediators commonly em-
metric enzyme electrodes (5) require some form of electrical ployed in the recent devices eventually diffuse through the
communication between the electrode and the active site of membranes and are lost. Recently, a polymeric redox "wire"
the redox enzyme. However, the measurement of a current based on the poly(vinylpyridine) (PVP) complex of Os(bpy)gCl
proportional to the concentration of the enzyme substrate is (abbreviated POs+) has been introduced (29). The "wire"
complicated by the fact that the active site is often located electrically connects the enzyme to the electrode yet, by virtue
deep inside an insulating protein shell. Thus, redox enzymes of its molecular size, remains confined behind the membrane.
such as glucose oxidase do not exchange electrons with simple This polycationic redox polymer forms electrostatic complexes
metal electrodes (6-9). Historically, electrical communication with the polyanionic glucose oxidase in a manner mimicking
between enzyme and electrode has been achieved through the the natural attraction of some redox proteins for enzymes, eg.,
use of diffusing mediators. The first mediator employed for cytochrome c for cytochrome c oxidase (30). We report here
flavin adenine dinucleotide (FAD)-enzyme electrodes was the a method for bonding a similar redox polymer to the enzyme
natural substrate of the flavin-linked oxidases, 02 (10-15). For and immobilizing the enzyme/polymer compound on an
example, the reaction of glucose oxidase (GO) is electrode in one step. The need for a membrane is eliminated

GO-FAD + glucose -- GO-FADH 2 + gluconolactone in the resulting electrode. To simultaneously "wire" and
(1) immob'lize the enzyme, we quaternize the PVP backbone with

either the bromoacetic or bromopropionic acid ester of N-
GO-FADH2 + 02 - GO-FAD + H 20 2  (2) hydroxysuccinimide (NHS). The NHS esters react rapidly

and the first commercial amperometric glucose sensors with primary amines, e.g., lysines on the enzyme surface, to

0003-2700/90/0362-0258$02.50/0 0 1990 American Cherncal Socety
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a formula weight of 1878 g/repeat unit, assuming the composition
shown in Figure 1. This corresponds to ca. 0.8 grool of active ester
groups per milligram of polymer. The polymer quaternized with

Polymer I bromopropionic acid and the bromopropionic acid ester of NHS
n f 1, m 2.9, p = 1.5 (polymer 2, POs+-EtCOO--C3 NHS) has approximately 1.0 pmol

of active ester groups per milligram of polymer.
Electrodes. A representative electrode film was prepared as

follows: An electrode consisting of a gold disk, 4.7 mm in diameter,
(bpy) 2 Cl .01l O surrounded by a platinum ring, was polished first with 0.3-Mm

OH 0 alumina and then with 0.05-pm alumina, sonicated, rinsed with
water, and dried in air. Aliquots (4 ML each) of the following

0 solutions were then applied to the gold disk: 10 mg/mL glucose
oxidase solution in 10 mM HEPES buffer, pH 7.2; 8 mM trien
in the same buffer solution; and a freshly made solution of 10
mg/mL polymer 2 in H20. The solutions were briefly mixed on
the electrode surface; the electrode was then dried in a vacuum
dessicator containing a beaker of H20 for at least 30 min. Similar
films were made on glassy carbon, graphite, and platinum elec-

Polymer 2 trodes of various sizes.
n - 1, m - 2.4, p = 2.0 Equipment. Electrochemical measurements were performed

with a Princeton Applied Research 175 universal programmer,
a Model 173 potentiostat, and a Model 179 digital coulometer.

&2 /3 The signal was recorded on a Kipp and Zonen X-Y-Y' recorder.
A conventional single-compartment electrochemical cell was used

) CK ,CH2 with an aqueous saturated calomel reference electrode (SCE)
COO- 0=C (0.226 V vs a normal hydrogen electrode (NHE)) and a platinum

counter electrode. The rotating ring disk experiments wereN 0 performed with a Pine Instruments AFMSRX rotator, MSRS
speed control and RDE4 bipotentiostat, and either a glassy carbon
disk/platinum ring electrode (GC/Pt RRDE) or a gold disk/

N. N platinum ring electrode (Au/Pt RRDE), both from Pine Instru-
bpy"- a)Lý) ment Co.

Plgm 1. Structures of the two cross-linkable, redox gel-forming RESULTS AND DISCUSSION
poymers. Enzyme Immobilization and Film Formation. The

immobilization of enzymes has been the subject of extensive
form amide bonds (31). In the presence of an enzyme and recent work (2, 34, 35) because heterogeneous catalysis has
a cross-linking agent (triethylenetetraamine, trien) this advantages over homogeneous catalysis and also because, in
polymer forms, on the surface of an electrode, an insoluble, some cases, enzymes are stabilized by immobilization (36-39).
cross-linked film containing covalently bound enzyme. The The observed stabilization has been attributed both to the
resulting electrode is simple to make, fast, and rugged. We protection against attack by proteases that is afforded by the
report the synthesis of two derivatives of this polymer and polymeric support and to the physical confinement of the
the electrochemical characterization of several polymer/glu- enzyme's peptide chains that can retard thermal denaturation.
cose oxidase electrodes as a function of temperature and the Polymers containing N-hydroxysuccinimide (NHS) esters have
concentrations of glucose, other sugars, and oxygen. We also been commonly used as coupling agents for affinity chroma-
describe a convenient method for quantifying the relative rates tography (40) and for the immobilization of a number of
of eqs 2 and 3 in our system by rotating ring disk voltammetry. enzymes (33).

EXPERIMENTAL SECTION Recently, Foulds and Lowe (41) have reported the en-
Chemicals. Glucose oxidase [EC 1.1.3.4] from Aspergillus trapment of glucose oxidase in films of ferrocene-containing

niger (Sigma, catalog no. G-8135), catalase [EC 1.11.1.61 (Sigma, polypyrrole. In these electrodes both direct current and in-
catalog no. C-100), Na-HEPES (sodium 4-(2-hydroxyethyl)-I- direct (0 2-mediated) current were observed. Hale et al. (42)
piperazineethanesulfonate) (Aldrich), and K2OsCJ5 (Johnson described a biosensor based on the adsorption of glucose
Matthey) were used as received. Poly(vinylpyridine) (PVP, oxidase onto a mixture of carbon paste and a ferrocene-con-
Polysciences, MW 50000) was purified 3x by dissolution in taining siloxane polymer. Here we report the covalent binding
methanol, filtration, and precipitation with ether. of glucose oxidase in an electrically conducting, hydrophilic,

Polymers. The structure of the polymers reported here is cross-linked redox gel on the surface of an electrode. The NHS
shown in Figure 1. The poly(vinylpyridine) complex of the ester chemistry was incorporated in the previously developed
Os(bpy)2Cl2 was synthesized as previously reported (32) and PVP-based polycationic redox polymer (POs+) (29, 32) by
purified by precipitation from ethyl acetate. The resulting
polymer was quaternized in warm (ca. 60 9C) dimethyl formamide quaternizing some of the uncomplexed pyndines of POs+ with
(DMF) under N2 with either bromoethanol (Aldrich) or a mixture bromoacetic or bromopropionic acid esters of NHS. To
containing equimolar amounts of triethylamine and 3-bromo- provide solubility in water to the resulting polymer, the re-
propionic add (Aldrich) for 2 h. (The polymer compositions shown maining free pyridines were quaternized with either 2-
in Figure 1 assume that these materials reacted quantitatively bromoethanol or 3-bromopropionic acid (Figure 1).
with the poly(vinylpyridine) backbone.) After the initial partial Active NHS esters are highly specific for primary amines;
quaternization, a slight excess of either the bromoacetic or bro- they also slowly hydrolyze in aqueous solution (33). Thus,
mopropionic acid ester of N-hydroxysuccinimide (NHS) (syn- the two reactions of importance are the aminolysis and the
thesized from the respective acid chloride and NHS essentially hydrolysis of these active ester groups on the polymer chain.
by the method of Pollak et al. (33)) was added, and the solution
was further warmed for ca. 2 h The resulting solution was then The cross-linked polymer is formed on the surface of the
oooled and poured into rapidly stirred acetone, and the precipitate electrode by the addition of a few microliters of a fresh solution
was filtered, washed with acetone, and stored in a desiccator. of the polymer to a solution of the enzyme and the cross-

The polymer quaternized with bromoethanol and the bromo- linking agent (trien) followed by evaporation of the solvent.
acetic acid ester of NHS (polymer 1, POs+-EtOH-C 2NHS) has It is feasible to use the enzyme as the only cross-linking agent.

m i i |
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20 V (V vs. SCE)
R pm 3. Cyclic votatmmogram of the film shown in Figure 2 under
N2 after addition of 40 mM glucose: scan rate, 5 mV/s; rotation rate,
1000 rpm.

0 1by the glucose penetrating the gel (eq 1), electrons are7 transferred from the reduced enzyme to the Os(III) sites (eq

S 03), and the electrons are then transferred through the osmium

0 0. 0.2 0 .3 04 0.5 polymer film to the electrode surface. The absence of a re-

V (V v SCE) duction wave shows that, at this scan rate (5 mV/s), the film
is homogeneously maintained in the reduced state by the

FPW. 2. Cycdc voltammograms of a cross-Unked frm consisting of transfer of electrons from GO-FADH2 to the Os(III) complex
polymer 2, glucose oxidese, and trethysetetrasimie on &aWy carbon (eq 3). This is also evidenced by the almost complete lack
In the absence of glucose: 0.1 M HEPES buffer at pH 7.1; scan rates
(mV/a). (a) 10, (b) 20, (c) 50, (d) 100, (e) 200. of hysteresis between the forward and the reverse scans. At

faster scan rates (data not shown) a hysteresis appears and,
This requires, however, a high concentration of enzyme and eventually, a reduction wave is also observed. Thus, at fast
results in an electrode exhibiting slow charge-transfer kinetics, scan rates, the film is no longer completely reduced by en-
Polymer/GO/trien films have been prepared on glassy carbon, zyme-mediated electron transfer from glucose in the time
graphite, gold, and platinum electrodes; the electrode char- required for the scan. The appearance of the hysteresis and
acteristics were not noticeably affected by the nature of the the reduction wave is a function of substrate concentration,
conducting substrates. In systems where the enzyme is free scan rate, film composition and thickness, and ionic strength.
to diffuse, platinum or glassy carbon electrodes often cause The temperature dependence of a film of polymer 2/
irreversible adsorption or denaturation of the enzyme (43). GO/trien was investigated from 14 to 40 *C in a solution
Apparently the enzyme in the cross-linked polymer films is containing 0.1 M HEPES, catalase, and 30 mM glucose under
protected from the deactivating influence of the electrode a nitrogen atmosphere. Thirty millimolar glucose is many
surface. times the apparent Michaelis constant of the electrode ( ý,

Electrochemical Characterization of the Polymer/ below) and is close to the saturation level for substrate. The
Enzyme Film. In the absence of glucose oxidase in the electrode was rotated at 500 rpm (the results were independent
polymer film, the current density resulting from direct elec- of rotation rate above ca. 300 rpm), and the potential was held
trooxidation of glucose (30 mM) is less than the background at 0.35 V vs SCE. Over this range, the current exhibits a
current (<10 nA/cm2) in the range 0-0.5 V vs SCE. Cyclic smooth exponential increase with temperature. An Arrhenius
voltammetric waves at different scan rates of a thin layer of plot of this data (Figure 4) gives an activation energy for the
polymer 2/GO/trien on a glassy carbon electrode are shown rate-determining step in these films under such conditions
in Figure 2 in a solution containing 0.1 M HEPES buffer of 11.1 kcal/mol.
titrated to pH 7.1 with HC1 (ionic strength, 0.17 M). In the Glucose Response and Apparent Michaelis Constant
absence of glucose, the enzyme gives no response and only the of the Enzyme Electrodes. The glucose response curves of
polymer electrochemistry is observed. The electrode exhibits films on rotating disk electrodes were measured at 2000 rpm
the classical features of a kinetically fast redox couple strongly (fast rotation rates were required to prevent concentration
bound to an electrode surface (44). At a scan rate of 200 mV/s polarization at low glucose concentration) and 0.45 V vs SCE.
the difference in the reduction and the oxidation peak po- Aliquots of a I M solution of glucose were injected into the
tentials is less than 20 mV, showing that charge transfer and cell (solution volume 100 mL) while the current was monitored.
counterion movement through the film, as well as charge The current stabilized in ca. 10 s, i.e., in the time required
transfer from the film to the electrode, are rapid (44). Inte- to reach a uniform glucose concentration throughout the cell.
gration of the charge passed on either reduction or oxidation Thus, an upper limit on the response time of these enzyme
of the polymer leads to a value of r - 10 mol/cm2 of redox electrodes is 10 s.
active centers on the surface. The symmetrical surface waves The glucose response curves measured under N2 are con-
and fast kinetics seen in Figure 2 show that the presence of sistent with those expected for Michaelis-Menten kinetics.
the enzyme does not appreciably affect the electrochemistry Castner and Wingard (45) have shown that enzymes immo-
of the osmium polymer film. Later results will show that, bilized on rotating disk electrodes, under conditions where
conversely, the presence of the polymer does not appreciably the enzymatic reaction is rate controlling, follow the Eadie-
affect the specificity or the activity of the enzyme. Hofstee form of the Michaelis-Menten equation:

Catalytic Oxidation of Glucose with Polymer/Enzyme j. = j. - K.'(j./C*) (4)
Films. Upon addition of glucose (40 mM) to the solution,
a catalytic oxidation wave is observed and the reduction peak where j. is the steady-state current density, j. is the max-
is eliminated (Figure 3). Thus, glucose oxidase is reduced imum current density under saturating substrate conditions
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Figure 4. Arthenlus plot of the steai '-state catalytic current of a
polymer 2/glucose oxldmse/trien film o,, a gold disk et.rode: 0.1 M 400 b
HEPES at pH 7.1, 30 mM guos~e. N2 atmosphere. cE ilese added to
solution. The electrode was rotated at 500 rpm and held at 0.35 V 3
vs scE. 300::L

(this is related to the V., measured in homogeneous solution), . 200
K.' is the apparent Michaelis constant (which can differ +
substantially from that measured in homogeneous solution 100
and is not an intrinsic property of the enzyme, but of the

system), and C* is the concentration of glucose in solution. 0
The glucose response data (Figure 5a) were plotted in an
Eadie-Hofstee type plot (Figure 5b) giving a straight line with 20 40 60 80
a slope equal to the negative of the apparent Michaelis con- jsLs jiA/cm2

stant (K.' 7.3 mM) and an intercept equal to j.. - 565 C* iin )
pA/cm'. The Ka' measured for a number of films varied only FigureS. (a) Steady-state glucose response curve of the flrn shown
slightly; j., however, varied from ca. 100 to 800 MA/cm 2  in Figure 4 under N2 at 37.50 C: w = 2000 rpm, V = 0.45 V vs SCE.
depending on film thickness, composition, and temperature. (b) Eadle•-ofstee type plot of the data in a. The best fit equation Is
The apparent Michaelis constant, K.', characterizes the en- shown.
zyme electrode, not the enzyme itself. It is a measure of the
substrate concentration range over which the electrode re- 100
sponse is approximately linear. Castner and Wingard (45) nitrogen
obtained values of K.n' for glucose oxidase electrodes of 6, 14,
and 36 mM for glucose oxidase immobilized with derivatized go
albumin, allylamine, and a silane, respectively.

Competition between Oxygen and the Redox Polymer. -'

A comparison of glucose response curves measured under N2 E 60
and under air is shown in Figure 6. There was no catalase U

present in either the film or the solution. The decrease in
catalytic current density in air-saturated solutions can be *4' 40-
explained by the competition between 02 and the Os(II) ai
complex for electrons from the reduced enzyme (eqs 2 and
3). Thus, the response of the present polymer/enzyme
electrode is still dependent on the oxygen concentration, al- 20
though this dependence is less than that for an electrode
measuring either 02 or H202. Improvements in the redox
polymer would be expected to further decrease the oxygen 0
sensitivity of these electrodes. 0 10 20 30 40 50

When 02 is competing with the redox couple for the oxi- 0 0 20 0
dation of the enzyme, it is important to quantify the relative Glucose (mM)
rates of the two competing reactions (eqs 2 and 3). This was Flpire 6. Steady-state glucose response curves under N2 and under
achieved by rotating ring disk voltammetry. The enzyme- akr of a flu composed of polymer 1/glucose oxidase/sren: no catalase

In the film or In solution, Tf= 23 CC, 2000 rpm, Vf=i0.45V vs
containing polymer film was deposited only on the disk of a SCE.
rotating ring disk electrode (RRDE). The disk electrode was
either Au or glassy carbon, i.e., a material with a high over- contained at fist, no sugar. There was no catalase either in
potential for oxidation of H202, while the ring was Pt, a good the film or in solution. The electrode was rotated at 1000 rpm
catalyst for the oxidation of H202. The measurement was while the ring was biased at 0.7 V vs SCE. After stabilization
conducted by placing the electrode in a HEPES solution of the background current (ca. 10 min), the disk potential was
through which air was being continuously bubbled and that stepped from 0.1 V (polymer in the Os(II) state) to 0.45 V
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no measurable effect on the electrode current (i.e., less than
I nA). Addition of 10 mM glucose led to a current of 9.3 ,A.
These results, and the high activty of the immobilized enzyme
(as seen from the large j.), suggest that the glucose oxidase
covalently bound in these redox polymer films retains much
of its native selectivity and activity.

Preliminary tests of these electrodes in solutions containing
ascorbate (a common interferent) have shown that the current

. -- ' ;due to ascorbate oxidation is apparently inversely proportional
to the surface coverage of the polymer film. Thus, the redox

§ polymer is an advantageously poor electrocatalyst for the
S I oxidation of ascorbate. When stored dry, without precautions,

in the laboratory ambient, the electrodes showed no deteri-
oration over the course of 3 weeks. Longer tests are in
progress.

I CONCLUSIONS
A simple and effective method for immobilizing redox en-

I zymes on electrodes while simultaneously electrically con-
necting them to the electrode is described. The resulting

I cross-linked, enzyme-containing films are stable, selective, and
SI rhighy active for the catalytic oxidation of glucose. Although
1 the glucose-related current density from these electrodes is

high, 02 can still competitively oxidize a significant fraction
of the enzymes. This technique for immobilization and

_ __ .electrical connection of redox enzymes appears to be promising
05 to for a number of enzyme electrode applications.
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shell- around their redox centers. (such as cytochrome c,A h wu w AN uv. myoglobin. ferredoxin and phycocyanin) ha•e also shown
that. e~en though these proteins are directly electrooxidized

(r1J "•f ['7'-V Vo. e 29 1 by , reduced on electrodes, their rates of electron transfer can be
-Full U\ P paes 82-4 enhanced by adsorbed -promoters" (e.g. bipyridine, methyl

%iologen) that bind and orient the proteins, but do not par-

International Edition in English ticipate in the redox processes.l4' We no" find that pyrolytic
carbon and graphite electrode surfaces can be modified with
adsorbed polycationic redox polymers that complex glucose
oxidase. In these structures, electrons are vectorially trans-

Reprint ferred from enzyme-bound glucose to the electrode via the
redox centers of the enzyme and those of the redox polymer.

.' VCH Verlagsgesellschaft mbH Weinheim/Bergstr 1990 Strong adsorption of the redox polymer I on graphite is
Registered names, trademarks. etc used in this journal, even seen in the cyclic voltammetry of the terpolymer of poly(N-
without specific. indications thereot, are not to be considered

unprotected by law Printed in Germany

Os-••CH 3  NHH
(bpy),CI

I. n = 0.14. m = 0.81. p = 0.05

Scheme 1. Structure of the quaternized redox terpolymer I.

methyl-4-vinyl pyridinium chloride), 4-aminostyrene. and
the PVP complex of (Os(bpy),Cl,] (see Scheme 1); at scan

Direct Electrical Communication between rates from 2 to 200 mVs- ', the peak separation is 30 mV or

Graphite Electrodes and Surface Adsorbed less. Integration of the cyclic voltammograms at low scan
Glucose Oxidase/Redox Polymer Complexes rates (2-5 mVs- t) shows that approximately 1.0 x I0-9
By Michael V. Pishko. loanis Kaakis, Sten-Eric Lindquist. moles cm-' of I are electroactive. The polymer does not
Ling Ye, Brian A. G g.G and Adams Heller* desorb from rotating disk electrodes even at high angular

velocities (2000 rpm), and coulometry shows that less than

The redox centers of glucose oxidase, like those of most 10 % of the polymer is desorbed from the electrodes after 30
oxidoreductases, are electrically insulated by a protein (gly- days of storage in a stirred water bath. The polycationic
coprotein) shell. Because of this shell, the enzyme cannot be adsorbed polymer I strongly binds glucose oxidase. Cyclic
oxidized or reduced at an electrode at any potential. In an voltammograms for the oxidation of glucose by the enzyme-
earlier communication it was shown that in homogeneous polymer complex are shown in Figure 1. The current re-
solutions, water-soluble polycationic poly(vinylpyr;, line)
complexes of [Os(bpy) 2.Cl]1 bind to and accept electrons
from reduced glucose oxidase. a polyanion."t Here we show UIVI -
that the same polycationic redox polymers are strongly ad- 0.1 0.2 0.3 0.4
sorbed on graphite; that these modified surfaces adsorb .........
strongly the enzyme; and that the surface adsorbed enzyme" '0
polymer complexes communicate electrically with the elec- b
trodes. Electrodes containing these adsorbed complexes are 30
faster and easier to construct than commercially available
glucose electrodes. I

Poly(4-vinylpyridine) (PVP), as well as N-methylated 20
PVP, were shown earlier to be strongly adsorbed on pyrolyt- J
ic graphite and to yield, with diffusing redox species. long- IlA Wm"

lived reproducible electrodes.t1' 31 Their electrochemistry is 10
consistent with the physisorption of segments of the macro-
molecules providing a three-dimensional network into and
out of which ions diffuse. Earlier studies of the electrochem-
istry ofsmall redox proteins that do not have thick insulating

Fig. I. Cyclic voltammogram of the I glucose oxidase complex in 60 m.% glu-
cose. 9.9 units catalase mL-'. 0.15 v sodium (4-(2-h~drox~methyl)-I-piper-

[' Prof. Dr. A. Heller. M. V. Pishko. 1. Katakis. Dr. S.-E. Lindquist. L. Ye. azineethanesulfonate iNaHEPES) at pH 7. Scan rate: 5 mVs ` a) no glucose.
Dr. B. A. Gregg b) 60 mms glucose Potential Cl vs. SCE: glucose oxidase I graphite electrode.
Department of Chemical Engineering, University of Texas at Austin
Austin. TX 78712 (USA)

We1 w'A aish to thank Yinon &eani for his valuable advice on the s.nthesis of sponse at a constant potential of 0.45 V (vs. SCE) persists
the polymers and Goran Svensk for the molar mass determination of the
Osmium-containing redox-polymer I. This work was supported in part by for more than 10 hours when electrodes are rotated at
the Office of Naval Research and the Robert A We.ch Foundation. 20 rpm in physiological salt solutions that do not contain
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any enzyme or polymer, declining approximately 10% over 10 lsgmL -'. The potential was then stepped from 0 V to
the first hour and 70 % after 10 hours. The electrodes were 0.45 V (SCE). The rise in current upon enzyme-complexing
stored in air at room temperature for 30 days with negligible by the redox polymer coating of the electrode is shown in
loss in activity. Chronoamperometric measurements in a Figure 4.
flow cell show that the current responds to an increase in
glucose concentration in less than I s (Fig. 2). Response

60

S100

SS

0 " 0 - • 0 1 0
10 4 8 12 2 2

t [S] - Fig. 4. Chronoamperometric response of a I graphite electrode in 10pg mL -
glucose oxidase. 60 rest glucose. 0.15 %4 NaHEPES at pH 7 with no eatalase

Fig. 2. Electrode response to a change in glucose concentration from 0 to present.
50 m.%glucose in 0.15 .% NaHEPES at pH 7.9.9 units catalase mL ` . Flow rate:
193 cms -. Glucose oxidase, graphite electrode.

Investigation of the effect of increasing salt concentration
times for different flow rates vary from 0.4 s at a linear flow shows that electron transfer ceases at high (> 0.5 m) salt

rate of 42 cm s- I to 0.2 s at a flow rate of 210 cm s- t. The concentration in solutions containing only NaCI and buffer
glucose concentration dependence of the current at 0.45 V (no enzyme) but recovers upon dilution (to 0. 15 m). This

(SCE) is shown in Figure 3. A background current persists at idctsta prpit lcrsai odn sciia o

zero glucose concentration. Because the electrodes are sim- eeto rnfrntol nsltoJbtas nasre
ple to construct and the materials cost little, they are likely layers. The recovery of the current when the ionic strength is
to be appropriate for use in fast, disposable glucose sensing decreased shows that even at increased ionic strength, the

tips. complex does not dissociate. The loss in current response to
glucose at high ionic strength is apparently caused by coiling
of the polycationic redox polymer 1. t1o -S The coiled polymer

20 no longer penetrates the protein. wherefore electron transfer
cannot take place. At physiological ionic strength, the com-
plex of polyanionic glucose oxidase and polycationic redox

l .. "polymer I is, however, an effective electron relay between theFi.2"lcrdenzyme bound substrate and the conductor.

I0 m - 10 •Experimental Procedure

3Glucose oxidase (E.C. 1.1.3.4) type X catalase (E.C. 1.11.1.6) and NaHEPES

were purchased from Sigma. [Os(bpy).,Cl~l was prepared from K.,OsCI.(Aldrich) following a reported procedure. a6c 4-aminostyrene was purchased
from Polysciences. Azobisisobutyronitrile (AIBN) and 4-vinylpyridinb were
purchased from Aldrich. Synthesis of the redox terpolymer I was prepared as
reported [1]. Graphite (HB pencil leads 0.5 or 0.9 mm diameter) and pyrolytic
carbon disks (4 mm diameter) were used as electrodes.

( 0E iA Pine Instruments AFe SRX Rotator and an MSRX Speed Control were usedzr10 gi for the rotating disk electrode (RDE) experiments. The flow cell was similar in

C(GIu) ImI design to a reported wall jet system [71.
The electrodes were insulated with a heat-shrinkabed polypropylene sleeve.

Fig. 3. Glucose concentration dependence of the current density at 0.45 V for Their tips were then polished with 0.3 pm alumina, sonicated in deionize'd waterthe glucos p oxidas/1graphite electrode system in 0.s15 m NaHEPES at pH 7 for 20 s and blown d iss oith a stream of N s A drop (4 pL) of a solution of I
and 9.9 units catalase mL (2.6 mgmLu-c solvent) %as applied to the electrode tip. allowed to stand for

4 tin and then washed off with dpionized water. The enzyme was adsorbed on
the terpolymer coated surfaces by placing a 4 pL droplet of glucose oxidase
solution (4.5 mg mt -a) on the electrode surface, contacting for 10 min and

The rate of glucose oxidase adsorption on redox-polymer rinsing. No containment membrane was used. Electrodes for the RDE experi-
I modified graphite electrode was studied by chronoamper- ments were polished and modified with a redox polymer in a similar manner

ometry. Electrodes were placed in 4 mL solutions of 60 mm Received: August 7. 19th;
glucose and 0.15 m NaHEPES at pH 7 and kept under NE supplemented: October 2. 1989 [Z 3485 rEe

0.9 pg of eatalase (44000 units per mg protein) was added to German version: .4nemv. Chem. 102 ( 1990) 109
prevent the deactivation of glucose oxidase by evolved

H ,0 ,. Approximately 10 VL of a 4 mg mL-tI solution of I))1Y. Degani. A , H tllerý I.Am. Chem. Sov..ill (1989) 2357.glucose oxidase was slowly injcted into the elctrochemical 121 N. O(ama. F. C. Anson. f a .4m. Chem. S,,c'. a e d (1979) 739, 3450p K. Shige-
cell to yield a final glucose oxidase concentration of hara, N. Oyama. F. C. Anson. lnora. Chem.5 o )01981) 518; N d Oyama. t C

.4ne% . Chem. I10. d. E2i0. .9 o 19W) , o I foCr | er ellwhalt mb/I. D-694th rota heim. 19ds 05704er133 9( ) exle4rime 3 S 02.50 0 83
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